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“There is no Planet B”
(Emmanuel Macron)
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Summary
The energy sector is globally accountable for most greenhouse gas emissions and 
is, therefore, one of the main causes of anthropogenic global warming and climate 
change. Although there are many targets and strategies to reduce the emission of 
greenhouse gases in the energy sector, the realisation of such targets is falling behind 
expectations. In addition to energy efficiency, an essential mitigation strategy is to 
increase the use of renewable energy sources for electricity generation. Against this 
background, the overall goal of the thesis is to assess the economic and environmental 
impacts of renewable energies and to evaluate factors that support energy transitions. 
This will also support the decision-making process regarding a more progressive 
development of renewable energies.

In most OECD countries, regional authorities play major roles in the development 
of renewable energies. To foster the implementation of renewable energies, then, 
it is clearly important to study energy transitions at regional levels. Regional impact 
assessments in this context are tools that can be used to evaluate the effects of 
renewable energy developments on regional economies and provide decision support 
instruments for stakeholders in the field, such as politicians, administrations, and 
enterprises.

The thesis first studies instruments for assessing the economic impact of renewable 
energy developments at regional scales. The study concludes that economic models 
such as regional input-output tables or computable general equilibrium models are 
the most efficient instruments for large regions with sufficient statistical data, whereas 
analytical tools such as employment ratios and supply chain analysis are more suitable 
for small regions.

In regions with economies that rely on fossil fuels because of mining and/or activities 
related to energy generation, the negative impacts of the phase-out of fossil fuels must 
be balanced against the positive effects of investing in renewable energy sources. For 
the thesis, the Aachen region in Germany is chosen as an example of such a region. 
Of particular note is that this is also a region that acted early to address concerns 
regarding the development of renewable energies.

In addition to purely economic effects, the development of renewable energies 
and the substitution of conventional energy carriers lead to further macroeconomic 
benefits such as avoided greenhouse gas emissions and enhanced public health 
because of reductions in air pollution. The monetisation of these effects makes these 
macroeconomic benefits a tangible dimension for decision makers.
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Summary

Using a supply chain analysis, the impact assessment of 3.7 megawatts of photovoltaics 
(PV) in the district of Aachen reveals a regional value added (i.e. revenues of enterprises, 
net income of employees, and regionally allocated taxes) of €729,000 (€196 per 
kilowatt; €218 per megawatt-hour) in 2014. For the same year, the positive effects of 
avoided CO2 emissions are €12,000-206,000 (€3-55 per kilowatt; €4-62 per megawatt-
hour) and the impacts of avoided air pollution range from €32,000-95,000 (€9-25 per 
kilowatt; €10-28 per megawatt-hour). Variations with respect to values found in other 
studies are explicable because of the differences in methodological approaches and 
decreases in the feed-in tariffs for PV over time. Indeed, it is expected that future 
PV developments in Germany will be characterised more by self-consumption of 
generated electricity than by feeding of electricity into the grid.

A supply chain analysis of the development of 63.1 megawatts of wind power reveals 
a value added of €5.9 million (€95 per kilowatt; €31 per megawatt-hour) in 2017 in the 
district of Aachen. For the same year, the positive impacts of avoided CO2 emissions are 
€13.1 million (€208 per kilowatt; €67 per megawatt-hour) and the impacts of avoided 
air pollution range from €1.9-5.5 million (€30-87 per kilowatt; €1,028 per megawatt-
hour). A comparison with other studies revealed that the presence of local enterprises 
in the wind power sector, the regional wind potential, and the decreasing feed-in 
tariffs have, in addition to methodological differences, a significant impact on the 
results.

The assessment of electricity generation prices for PV, wind power, and lignite, 
including the external costs of greenhouse gas emissions and air pollution, reveals 
that wind power is the most cost-effective electricity generation technology, followed 
by PV and then lignite. The cost-effectiveness of renewable energy technologies is, 
however, mainly due to an integration of the external costs of emitted greenhouse 
gas emissions. The regional employment effects are estimated at 0.63 person years 
per gigawatt-hour for PV, 0.17 person years for lignite and 0.08 person years for wind 
power. Consequently, from an environmental economic perspective, wind power is the 
most efficient technology, whereas from an employment perspective, PV technology 
is the most beneficial one. The analysis of the regional energy transition in the Aachen 
region further demonstrates that informal institutions such as societal interests in 
technological advances and environmental concerns can successfully foster the 
dispersion of sustainable energy generation technologies, in spite of an energy regime 
based on fossil fuels.

The outcomes of the thesis lead to a number of policy implications. First, as the benefits 
of investing in renewable energies are demonstrated, a sensible regional energy policy 
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should consider a balanced energy mix based on the environmental, economic, and 
socioeconomic impacts of the individual energy generation technologies. In the case 
of the district of Aachen, both wind power and solar PV should, therefore, be part of 
a regional energy strategy.

As long as the cost competitiveness of renewable energies in relation to conventional 
energy carriers is primarily driven by the internalisation of external costs of greenhouse 
gas emissions, internalisation should be binding on a global level. This is necessary so 
that countries or regions that do not take the external costs of fossil energy generation 
into account do not acquire comparative advantages.

The decarbonisation of the energy sector is a challenge for regions that rely on the 
generation of fossil fuel energy and for incumbent utility companies relying on 
traditional business models. To address this, investments in education and training 
are needed to enable alternative job opportunities for employees in the conventional 
energy sector.

When discussing the energy transition, the German debate focuses mostly on 
electricity generation. Transforming the heating and cooling sector is not given 
sufficient consideration, even though this consumes a higher share of energy in this 
country. Further policies should take into account an integrated approach and consider 
the electricity, heating and cooling, and transport sectors as an interconnected system. 
Furthermore, policies should ideally address specific regional aspects in terms of 
formal and informal institutions. In the Aachen region, for example, where a strong 
interest in technologies and environmentalism is rooted in the regional culture, sharing 
up-to-date information regarding renewable energy developments is suggested as 
a useful instrument for supporting the transition in the region. This serves to build 
up a knowledge infrastructure that fosters the dissemination of renewable energy 
technologies.

In addition to analysing energy transitions at national levels, future research should 
pay greater attention to regions and comprehensively account for the impacts of 
renewable energy developments on the economy and the environment. In addition, 
an increasing amount of intermittent renewable energies will require that grid and 
storage solutions are also considered. Therefore, future research should also pay more 
attention to developments in emerging economies where energy demand is expected 
to rise considerably and the diffusion of renewable energies has the potential to foster 
a more sustainable economic growth.
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Samenvatting

Samenvatting
Wereldwijd is de energiesector verantwoordelijk voor de meeste broeikasgasemissies. 
Daarmee is de energiesector één van de belangrijkste veroorzakers van de antropogene 
opwarming van de aarde en klimaatverandering. Hoewel er veel ambities en strategieën 
zijn om de uitstoot van broeikasgassen in de energiesector te verminderen, blijft de 
realisatie van dergelijke doelstellingen achter bij de verwachtingen. Naast energie-
efficiëntie is het gebruik van hernieuwbare energiebronnen voor de opwekking van 
elektriciteit een essentiële strategie. Tegen deze achtergrond is het algemene doel 
van het proefschrift om de economische effecten en milieueffecten van hernieuwbare 
energieën te beoordelen en de ondersteunende factoren van energietransities te 
evalueren. Dit zal op zijn beurt het besluitvormingsproces met betrekking tot een 
meer progressieve ontwikkeling van hernieuwbare energieën ondersteunen.

In de meeste OESO-landen spelen regionale autoriteiten een belangrijke rol bij 
het opwekken van hernieuwbare energie. In tegenstelling tot huidige centrale 
opwekkingstechnologie, worden veel hernieuwbare energieopwekkingstechnologiën 
decentraal geïmplementeerd. Om de implementatie van hernieuwbare energieën 
te bevorderen is het van belang om de energietransities op regionaal niveau te 
bestuderen. In dit verband zijn regionale effectbeoordelingen een instrument 
die kunnen worden gebruikt om de effecten van de ontwikkelingen op het 
gebied van hernieuwbare energie op de regionale economie te evalueren en een 
beslissingsondersteunend instrument te vormen voor belanghebbenden in het veld, 
zoals politici, de overheid of bedrijven.

In het proefschrift worden eerst het bestaande onderzoek en onderzoeksmethodes 
beschreven naar economische effectbeoordelingsinstrumenten voor ontwikkelingen 
op het gebied van hernieuwbare energie op regionale schaal, waarbij wordt 
geconcludeerd dat economische modellen zoals regionale input-outputtabellen of 
berekenbare algemene evenwichtsmodellen de meest efficiënte instrumenten zijn 
voor grote regio’s met voldoende statistische gegevens, terwijl voor kleine regio’s 
analytische instrumenten zoals werkgelegenheidsratio’s en de analyse van de 
toeleveringsketen geschikter zijn.

In regio’s die economisch afhankelijk zijn van fossiele brandstoffen vanwege b.v. 
mijnbouw- en/of fossiele energieopwekkingsactiviteiten, moeten de negatieve 
effecten van de uitfasering van fossiele brandstoffen worden afgewogen tegen 
de positieve effecten van investeringen in hernieuwbare energiebronnen. In 
het proefschrift wordt de regio Aken in Duitsland gekozen als voorbeeld van een 
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dergelijke regio. Dit was ook een early mover regio voor wat betreft de ontwikkeling 
van hernieuwbare energiebronnen.

Naast de zuiver economische effecten leidt de ontwikkeling van hernieuwbare 
energiebronnen en de vervanging van conventionele energiedragers tot verdere 
macro-economische voordelen, zoals minder broeikasgasemissies en een betere 
volksgezondheid door een vermindering van de luchtvervuiling. De monetarisering 
van deze effecten maakt deze macro-economische voordelen tot een tastbare 
dimensie voor besluitvormers.

Op basis van een analyse van de toeleveringsketen (supply chain analysis) blijkt uit 
de effectbeoordeling van 3,7 MW aan PV in de Städteregion Aken dat de regionale 
toegevoegde waarde (d.w.z. inkomsten van ondernemingen, netto-inkomsten van 
werknemers en regionaal toegewezen belastingen) in 2014 729.000 euro bedraagt 
(196 euro/kW, 218 euro/MWh). De positieve effecten van niet uitgestoten CO2-emissies 
zijn €12.000-206.000 (€3-55 per kW, €4-62 per MWh) en de effecten van minder 
luchtverontreiniging variëren van €32.000-95.000 (€9-25 per kW, €10-28 per MWh) 
in hetzelfde jaar. Variaties ten opzichte van de waarden die in andere studies zijn 
gevonden, zijn verklaarbaar door verschillen in methodologische benaderingen 
en afnemende teruglevertarieven voor PV. De verwachting is dat de toekomstige 
ontwikkelingen op het gebied van PV in Duitsland meer gekenmerkt zullen worden 
door het eigenverbruik van opgewekte elektriciteit dan door het terugleveren van 
elektriciteit aan het net.

Een supply chain-analyse van de ontwikkeling van 63,1 MW aan windenergie toont een 
toegevoegde waarde van € 5,9 miljoen (€ 95/kW, € 31/MWh) in 2017 in de Städteregion 
Aken. De positieve effecten van de niet uitgestoten CO2-emissies bedragen 13,1 
miljoen euro (208 euro per kW, 67 euro per MWh) en de effecten van de verminderde 
luchtverontreiniging variëren van 1,9 miljoen euro tot 5,5 miljoen euro (30-87 euro 
per kW, 108 euro per MWh) in datzelfde jaar. Uit een vergelijking met andere studies 
blijkt dat de aanwezigheid van lokale bedrijven in de windenergiesector, het regionale 
windenergiepotentieel en de dalende feed-in-tarieven, naast methodologische 
verschillen, een aanzienlijke invloed hebben op de resultaten.

De beoordeling van de prijzen van de elektriciteitsproductie van PV, windenergie en 
bruinkool, met inachtneming van de externe kosten van de uitstoot van broeikasgassen 
en luchtverontreiniging, toont aan dat windenergie de meest kosteneffectieve 
technologie voor de opwekking van elektriciteit is, gevolgd door PV en bruinkool. De 
kosteneffectiviteit van hernieuwbare energietechnologieën is echter vooral te danken 
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aan een integratie van de externe kosten van de uitstoot van broeikasgassen. De 
regionale werkgelegenheidseffecten worden geschat op 0,63 persoonsjaren per GWh 
voor PV, 0,17 persoonsjaren voor bruinkool en 0,08 persoonsjaren voor windenergie. 
Bijgevolg is windenergie vanuit milieu-economisch oogpunt de meest efficiënte 
technologie, terwijl PV vanuit werkgelegenheids-perspectief de meest gunstige is.

De analyse van de regionale energietransitie in de regio Aken toont verder aan dat 
informele instellingen, zoals de maatschappelijke instituten/actoren die werken aan 
technologische vooruitgang en milieubelangen, met succes de verspreiding van 
duurzame energietechnologie kunnen bevorderen, ondanks een energieregime op 
basis van fossiele brandstoffen.

De uitkomsten van het proefschrift leiden tot een aantal beleidsimplicaties. Ten 
eerste, aangezien de voordelen van investeringen in hernieuwbare energiebronnen 
worden aangetoond, moet een verstandig regionaal energiebeleid een 
evenwichtige energiemix overwegen, gebaseerd op de ecologische, economische 
en sociaaleconomische effecten van de afzonderlijke technologieën voor 
energieopwekking. In het geval van de Städteregion Aken moeten zowel windenergie 
als zon-PV daarom deel uitmaken van een regionale energiestrategie.

Zolang het kostenconcurrentievermogen van hernieuwbare energiebronnen 
ten opzichte van conventionele energiedragers vooral wordt bepaald door de 
internalisering van de externe kosten van de uitstoot van broeikasgassen, zou een 
dergelijke internalisering op mondiaal niveau bindend moeten zijn. Dit is nodig om 
te voorkomen dat landen of regio’s die geen rekening houden met de externe kosten 
van de opwekking van fossiele energie, een comparatief voordeel krijgen (carbon 
leakage).

Het koolstofvrij maken van de energiesector is een uitdaging voor regio’s die 
afhankelijk zijn van de opwekking van energie uit fossiele brandstoffen en voor 
gevestigde nutsbedrijven die afhankelijk zijn van traditionele bedrijfsmodellen. In 
dit verband zijn investeringen in onderwijs nodig om alternatieve werkgelegenheid 
voor werknemers in de conventionele energiesector mogelijk te maken.

Bij de discussie over de energietransitie richt het Duitse debat zich vooral op de 
elektriciteitsproductie. Het transformeren van de warmte- en koelingsector wordt 
onvoldoende in overweging genomen, hoewel dit een groter aandeel van de 
energie verbruikt. In het verdere beleid moet een geïntegreerde aanpak worden 
overwogen en moet de elektriciteits-, warmte-, koel- en transportsector als een 
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onderling verbonden systeem worden beschouwd. Bovendien zou het beleid 
idealiter rekening moeten houden met specifieke regionale aspecten, in termen van 
formele en informele instellingen. In de regio Aken bijvoorbeeld, waar een grote 
belangstelling voor technologieën en milieubewustzijn in de regionale cultuur is 
geworteld, is het delen van actuele informatie over de ontwikkelingen op het gebied 
van hernieuwbare energie voorgesteld als een nuttig instrument om de overgang in 
de regio te ondersteunen. Dit dient om een   kennisinfrastructuur op te bouwen die 
de verspreiding van duurzame energietechnologie bevordert.

Naast de analyse van de energietransitie op nationaal niveau dient in toekomstige 
onderzoek meer aandacht worden besteed aan regio’s en dient uitvoerig rekening 
worden gehouden met de gevolgen van de ontwikkelingen op het gebied van 
hernieuwbare energie voor de economie en het milieu. Bovendien zal voor een 
toenemend aantal intermitterende hernieuwbare energieën ook rekening moeten 
worden gehouden met net- en opslagoplossingen. Ten slotte dient in het toekomstige 
onderzoek meer aandacht worden besteed aan opkomende economieën, waar de 
vraag naar energie naar verwachting aanzienlijk zal toenemen en de verspreiding 
van hernieuwbare energie het potentieel heeft om duurzamere economische groei 
te bevorderen.
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 Chapter 1

1.1 Energy generation and climate change 
mitigation
“Doing all we can to combat climate change comes with numerous benefits, from reducing 
pollution and associated health care costs to strengthening and diversifying the economy 
by shifting to renewable energy, among other measures.”
(David Suzuki)

This statement by the Canadian environmental activist David Takayoshi Suzuki 
illustrates that climate change mitigation strategies may lead to positive impacts for 
the environment, society, and the economy. Assessing these impacts on a regional 
scale is the aim of this thesis. However, which sector has the greatest potential for 
climate change mitigation? Also, why is it important to evaluate the effects on a 
subnational scale?

It is widely accepted by climate scientists that there exists an undeniable correlation 
between greenhouse gas (GHG) emissions produced by anthropogenic (i.e. industrial, 
household or traffic) activities and global warming causing climate change effects with 
severe impacts on ecosystems. Examples of these impacts, which affect the ecological 
balance of the earth, are droughts and desertification, melting polar icecaps that lead 
to higher sea levels and flooding, or a loss in biodiversity (Oreskes, 2004; NASA, 2020; 
Solomon et al., 2009; Karl and Trenberth, 2003).

As a political response, the international community has agreed to limit global 
warming to a temperature below “2 degrees Celsius above pre-industrial levels and 
to pursue efforts to limit the temperature increase even further to 1.5 degrees Celsius” 
(UNFCCC, 2020), according to the Paris Agreement in 2016. All 186 signing parties 
committed to undergo determined endeavours regarding climate change mitigation 
and adaptation (UNFCCC, 2020). However, even since that time, fossil carbon dioxide 
(CO2) emissions have been steadily rising on a global scale (Crippa et al., 2019). As a 
consequence, climate change mitigation strategies leading to decreases in emissions 
are urgently needed.

However, numerous climate policy opponents around the globe share and spread 
the view that mitigation strategies such as the phase-out of fossil fuels and investing 
in energy efficiency and renewable energy developments induce negative effects 
for the economy (Brunnengräber, 2013; Hopkin, 2007). This strong emphasis on 
negative effects is a barrier to the implementation of climate change policies that 
include comprehensive strategies for mitigation (Lorenzoni, et al., 2007; Dunlap and 
McCright, 2011). It is, therefore, the responsibility of science to conduct thorough and 
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objective assessments of the impacts that climate change mitigation measures have 
on the economy and the environment. Science must then also provide a basis for 
sound decision-making for stakeholders (e.g. decision makers involved in politics, 
administration, or the economy) who are wrestling with choices about whether to 
invest further in fossil fuels or to initiate the transformation into a low carbon economy 
(Dunlap, 2013).

Assessing the effects of climate change mitigation strategies is, however, complex 
as it may involve various sources of emissions, all with distinguished economic 
characteristics and environmental impacts. Therefore, to assess the impact of climate 
change mitigation measures, we need to specify the topics that are targeted by the 
thesis in greater detail.

We find that different sectors (e.g. transport, electricity generation, or buildings) all 
have individual characteristics and specific GHG emissions. Figure 1.1 illustrates the 
share of CO2 emissions per sector on a global level. CO2 is the most important GHG and 
accounted for 74% of GHG emissions globally in 2015 (Crippa et al., 2019). Nearly half 
of the CO2 emissions (41%; 13.6 gigatons (Gt)) in 2017 were caused by electricity and 
heat generation, which accounts for the largest amount of emissions per sector.

1
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Figure 1.1: Share of CO2 emissions per sector on a global level in 2017 (total emissions: 32.8 

Gt) (Source: IEA, 2019)

Against this background, reducing GHGs, especially in the energy sector, is essential 
for effectively combatting climate change. Moreover, there is a huge technical 
potential in decarbonising this sector (Schmidt et al., 2012; Jägemann et al., 2013). The 
importance of the energy sector is also underlined by the United Nations Development 
Programme (UNDP), as it has positioned “affordable and clean energy” (UNDP, 2019) 
as a Sustainable Development Goal (SDG). A key strategy in achieving this goal is to 
“increase substantially the share of renewable energy in the global energy mix” (UNDP, 
2019), as energy generation by renewable energy sources induces significantly fewer 
GHGs than energy generated by conventional fossil energy carriers (Memmler et al., 
2014).

Consequently, there is a need to determine the effects of transforming the conventional 
energy system by moving toward renewable energy sources, where the focus of this 
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thesis lies on electricity generation. The spatial scale to assess these effects efficiently 
and to manage this transformation effectively is illustrated in the following text.

1.2 The motivation for regional energy 
transitions
Globally, we find a wide range of policy targets that are embedded in national climate 
change mitigation strategies, such as setting objectives for reducing GHG emissions by 
2030 at 11% for New Zealand, 25-30% for Russia, and 40% in the European Union (EU), 
in comparison to 1990 (Carbon Brief, s.a.). However, according to the recent Emissions 
Gap Report of the United Nations Environment Programme (UNEP, 2019), there is a 
significant discrepancy between the emission mitigation targets that have been set 
by the United Nations in treaties such as the Kyoto Protocol (Umweltbundesamt, 2013) 
or the Paris Agreement (UNFCCC, 2020) and the actual achievements of these goals 
(UNEP, 2019). Because of this discrepancy between the objectives and targets and 
the climate mitigation actions and achievements of the individual countries, a more 
effective approach is needed with regard to climate mitigation policies.

In most countries that are part of the Organisation for Economic Co-operation and 
Development (OECD), regional or local authorities possess wide-ranging autonomies 
in terms of land management (Silva and Acheampong, 2015). For example, these 
authorities decide on land use for large-scale renewable energy developments such 
as wind power or open field solar photovoltaics (PV). As a consequence, to achieve 
a national mitigation target, regional authorities have to allow land use for the 
development of renewable energies. To accomplish this, a pragmatic and presumably 
fair strategy would be to break down and adopt national regulations such as specific 
shares of energy generated by renewable energy sources in the amounts of energy 
used for individual spatial entities (e.g. a state or region). However, from a practical 
perspective, this poses a lot of challenges. Distinctive physical geographic situations 
such as available land and solar, wind, or biomass potential and specific characteristics 
like political willingness have to be considered. In terms of its geography, a region may 
be characterised by densely populated urban areas, where certain renewable energy 
technologies such as large wind turbines may be difficult to develop because of, for 
example, minimal distance regulations to residential areas (Meyerhoff et al., 2010) or 
biomass, since biotic material may not be sufficiently available. In cases where there 
is sufficient solar irradiation, the deployment of rooftop PV may offer a more suitable 
solution for these regions. However, due to the relatively low energy intensity per area 
for PV, which is lower, for example, than for wind power (Landt and Kjaer, s.a.), the 
envisaged share of energy generated by renewable sources may not be achievable 

1
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solely by using PV. Therefore, such a region would need to rely on power imports 
from other regions and might not be able independently to achieve a renewable 
energy target derived from its national threshold. In contrast, in regions that have a low 
population density and only a few dispersed residential areas but have sufficient wind 
potential, wind power developments are the most efficient option.1 These regions 
may eventually even be able to exceed a national renewable energy threshold and 
compensate for the underperformance of regions with low physical geographic 
potentials. Hence, targets should be formulated for regions on an individual basis 
with regard to their specific potentials for renewable energy generation.

In terms of land management, we generally observe, especially in regions with a 
high population density, conflicting interests between space for renewable energy 
developments and space for built environment, farmland, or recreational space 
(Warren et al., 2005; Steinhäußer et al., 2015). These conflicts are especially challenging 
in democratic and pluralistic societies where decision-making processes around 
land planning are usually based on public consent (Walker, 1995). Projects that are 
perceived critically or are not popular with those in the field, such as politicians, the 
administration, or citizens, may eventually not be realised (Enevoldsen and Sovacool, 
2016; Ogilvie and Rootes, 2015). In contrast, economic and environmental benefits 
positively affect stakeholders’ opinions about the development of renewable energies 
and are, therefore, supportive factors for energy transitions. Mulvaney et al. (2013), for 
example, state that the positive economic impacts of wind power, especially in rural 
regions of the United States, were a major supporting factor, which confirms the results 
of Slattery et al. (2011). Yuan et al. (2015), find that positive environmental impacts such 
as reductions in GHG emissions and pollution were perceived by local residents in the 
Chinese region of Shandong as being the main benefits of developing wind power. 
Similar results were found by Fokaides et al. (2014), who show the contribution of 
wind power as an energy source for reducing “environmental pollution created from 
the imported fossil fuels” (Fokaides et al., 2014:487) to be a supportive factor for wind 
power developments among local residents in the Greek Island of Cyprus.

In summary, we see first that, as decisions on renewable energy developments 
are taken on regional or local levels in many countries, regional strategies are 
explicitly needed to close the gap between national emission reduction and actual 
achievements. The national energy transition is, except in very small countries such 

1 This is a simplified assumption concerning the legal aspects about the development of wind power as 
they include further regulations in most countries, such as nature conservation, distance to residential 
areas, etc.
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as Luxembourg or Cyprus, only the sum of the regional energy transitions. Second, 
in pluralistic societies, energy transformation rests on political willingness and social 
consent, which depend on the perceived overall benefits of transitions.

The overall goal of the thesis is, therefore, to assess the economic and environmental 
impacts of energy transitions on a regional scale to provide a sound base for regional 
decision makers. Moreover, additional supportive factors for regional transition 
processes are elaborated in order to foster regional energy transformations more 
efficiently.

1.3 Introducing a reference region
On a global scale, we see energy demands increasing in developing economies, 
whose primary energy consumption is expected to rise to 65% of the world energy 
consumption by 2040, while in 2010 the amount of energy consumption among OECD 
countries accounted for 46% even though only 30 of the world’s 193 countries are 
member states of the OECD (EIA, 2013).

Energy consumption in countries rises because of economic development processes, 
such as increases in export oriented industrial activities or domestic household 
consumption, and this leads to increasing demands for goods that are produced 
inside or outside the country. It should, then, be considered that, from the point of 
view of fairness, developing and emerging countries have the right to develop their 
economies and therefore have a certain legitimisation with regard to emitting GHGs 
through production or inducing GHGs by consumption (Wei et al., 2014; Bastianoni et 
al., 2004).2 As a consequence, highly developed countries (HDC)3, particularly those that 
have historically emitted vast amounts of GHGs and, some of which have done so since 
the beginning of the industrial revolution, and still emit a disproportional amount of 
GHGs, have a special responsibility as well as the technological and financial capability 
to reduce emissions (Neumayer, 2000; Ding et al., 2009). The thesis, therefore, focuses 
mainly on countries within this group, with a particular emphasis on Germany.

Germany is a frontrunner in energy transition, not only because of the development 
of renewable energy support schemes there but also in terms of technological 
developments regarding, for example, PV and wind power (Quitzow et al., 2016). 

2 In this regard, using energy generated by renewable energy sources is desirable.
3 The definition of HDC is based on the human development index (HDI) as an indicator for the devel-

opment of a country. The HDI has been criticised as issues like sustainability or social cohesion, for 
example, are not extensively considered in the concept (Bilbao-Ubillos, 2013).

1
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However, in terms of reducing GHG emissions, the country will presumably not achieve 
its 2020 target of reducing such emissions by 40% in comparison to 1990 (Presse- und 
Informationsamt der Bundesregierung, 2019). Even though the share of renewables in 
terms of the total gross electricity generated increased from 15% in 2008 to 38% in 2018 
(Umweltbundesamt, 2019a), the country still relies on lignite, which is responsible for 
the highest share of emissions in the electricity sector and was accountable for 22% of 
gross electricity generation in 2018 (Umweltbundesamt, 2019b; Oei et al., 2019). Given 
the achievements to date, as well as the technological capabilities to accomplish the 
emission reduction goals (Kopiske and Gerhard, 2018), the German context provides 
an exemplary frame with regard to developed countries for assessing the impacts of 
the energy transition and studying how it can be supported on regional levels. Indeed, 
the energy transition does not imply only a technical transition by a simple fuel switch 
to non-fossil energy carriers, since the process induces vast economic, environmental, 
social, and political changes.

Some regions have not historically been able to take part in the energy generation 
sector because of, for example, a lack of resources, mainly those for transport-intensive 
goods such as coal or lignite where energy generation usually takes place in close 
proximity to mineral deposits because of transport costs. Yet, these regions can 
manage to take part in this (new) economic activity through the development of 
renewable energies. One example of such a region is the economically less favoured 
North German federal state of Schleswig-Holstein where, in 2016, 18% of Germany’s 
wind power was generated even though the region covers only 4% of the surface 
of Germany (Agentur für Erneuerbare Energien, s.a.a). These developments also 
provide opportunities for income and employment because the manufacturing of 
wind turbine components take place in the region (Ulrich and Lehr, 2018; Bröcker et al., 
2014). In contrast, other regions that have historical dependence on the conventional 
energy sector, such as the Lausitz or the Rhenish lignite mining region, are expected 
to experience economic downturns in some industries, including mining and 
conventional energy generation, because of the phase-out of fossil fuels (Hermann 
et al., 2018). This thesis will focus particularly on regions facing economic challenges, 
such as mining regions, as they are expected to be more negatively affected than 
others by the energy transformation. Consequently, if it is possible to demonstrate 
the economic feasibility of the energy transformation in regions that are currently 
expected to be negatively affected, the net positive impacts may be even higher 
in less affected regions. Therefore, the type of region discussed in this thesis can be 
regarded as an extreme example, while the lessons learned will be transferable to 
regional energy transformations in general.



31

Introduction

An ideal example for illustrating a regional energy transformation that is affecting 
the economy and the environment is the Aachen region in the West German federal 
state of North Rhine-Westphalia. This region has a physical geographical potential that 
includes space, solar irradiation and wind for electricity generation by PV and wind 
power. These potentials may be rated as medium quality, since there are regions with 
more or less favourable potentials for both technologies in Germany, which makes the 
region a good example of an average region in the country.

Before describing the region’s characteristics, we have to discuss the concept of a 
region. Traditionally, geographers distinguish between different types of regions. First, 
the administrative region within defined borders, typically at a subnational level, has 
a political-administrative character. An example may be a federal state or a district 
(Benz et al., 1999). Second, there is the functional region, which is composed mainly of 
economic interrelations in space (Juillard, 1962; Brown and Holmes, 1971). Examples 
of functional regions are commuting catchment areas. The third type is the structural 
region, a geographical area with a similar economic structure such as a mining region 
(Spektrum, 2001). In our description of the Aachen region, we take into account 
two of these different dimensions: the administrative and the structural region. The 
administrative region of the district of Aachen (German: Städteregion Aachen) is the 
fundamental scale for the evaluation of regional characteristics such as economic 
analysis, population surveys or energy system analysis. In 2018, the district covers 
an area of 707 km² with a population of approximately 555,000 inhabitants (IT.NRW, 
2020).

With regard to the economic situation, 0.6% (€19 billion (bn) in total) of the gross value 
added4 of Germany (€2,922 bn in total) is generated in the district of Aachen (Figure 
1.2). The distribution of sectors in terms of the shares of the total value added reveals 
a specialisation in the mining and quarrying sector and the energy and water sector 
(5% of gross value added) in the district of Aachen, in comparison to Germany as a 
whole (3% of gross value added). Moreover, we see a specialisation in terms of the 
value added in public services, education and health, and miscellaneous services of 
27% in the district of Aachen and 22% in Germany.

4 The gross value added is defined as Output - Intermediate Inputs = GVA(P) (production approach) or 
with the income approach as Compensation of Employees + Gross Operating Surplus + Mixed Income 
+ Taxes on Production - Subsidies on Production = GVA(I) (Office for National Statistics, s.a.)

1
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Figure 1.2: Value added per economic sector in the district of Aachen and in Germany (Source: 

IT.NRW, 2020)

Both the district of Aachen and the neighbouring district of Düren, which has an area 
of 941 km² and has approximately 264,000 inhabitants in 2018 (IT.NRW, 2020), form 
the structural Aachen region5, which is characterised by strong economic linkages 
(Figure 1.3). A focus on this structural region is important, especially to provide a 
comprehensive picture of the regional energy transition.

5 The area of the district of Düren, as well as the district of Heinsberg, and Euskirchen, together with the 
district of Aachen and the city of Aachen, form part of the historical governmental district of Aachen 
as well and are also referred to as the Aachen region (Region Aachen Zweckverband, s.a.). This is a 
rationale for labelling the districts of Aachen and Düren as the Aachen region.
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Figure 1.3: Situation of the district of Aachen (German: Städteregion Aachen) in Europe (left) 

and neighbouring territorial units (right) on NUTS 36 level (Source: Jenniches and Worrell, 2019, 

modified; map data sources: Eurostat, s.a.a)

Both districts are part of the Rhenish lignite mining area (Rheinisches Braunkohlervier), 
where mining and energy generation are historically rooted in the regional economy. 
In addition, we find a strong specialisation in research and development in the Aachen 
region, which covers a total area of 1,648 km² and has 819,000 inhabitants.

The Aachen mining area is one of the oldest black coal mining regions of continental 
Europe. The last coal mine was closed in 1997 (Bergbaumuseum Grube Anna e.V., s.a.). 
Lignite is still mined in the open cast mine Inden, which lies in the district of Aachen 
and the district of Düren. The mine, which is operated by the utility company RWE 
Power AG, is supposed to close by 2030 (RWE Power AG, s.a.). The mineral resources 
are converted into electricity and heat in the power plant Weisweiler (located in 
the eastern part of the district of Aachen), generating 15.3 terawatt-hours (TWh) of 
electricity per year (mean value of electricity generation from 2012 to 2014) (RWE 
Power AG, s.a.). In spite of its economic focus on mining and conventional energy 
generation, the Aachen region has been an early mover in terms of institutional 

6 NUTS is a European Union spatial classification and stands for Nomenclature des Unités Territoriales 
Statistiques (English: Classification of Territorial Units for Statistics). NUTS 1 is the largest scale for 
regions in a country, whereas NUTS 3 is the smallest scale.

1
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changes toward renewable energies. Of particular note is that the predecessor of the 
feed-in tariff for renewable energy plants (the Aachen model) was developed in the 
region. Moreover, various research and development (R&D) organisations that are 
actively involved in the renewable energy sector, such as RWTH Aachen University 
and the Jülich Research Centre, are located this region.7 Therefore, the region allows 
for a comprehensive study of the energy transition on a small scale and has, therefore, 
been chosen as a case study for the energy transition, with a focus on the power sector. 
The results of the assessments of the case study region are compared to various other 
regions to illustrate methodological specifics and the transferability of the evaluations 
to other regions.

1.4 Objectives of the thesis and research 
questions
The overall goal that was formulated is approached through sub objectives and 
individual research questions, which are presented below.

One of the main challenges of renewable energy developments is the job losses in 
conventional energy industries (Flauger, 2015). Job losses may present a serious threat 
in undiversified industries that are heavily specialised on fossil energy generation such 
as, for example, the lignite industry, where renewable energies pose a challenge for 
traditional business models (Tenta, 2015; DEBRIV, s.a.). However, the renewable energy 
sector is a driver for more sustainable economic growth and can create opportunities 
for enterprises as well as for regions (del Río and Burguillo, 2009). These opportunities 
should be evaluated comprehensively along with the potential challenges so that 
stakeholders are able to make sound decisions from a macroeconomic perspective 
regarding whether it is beneficial to develop renewable energies in a region.

Multiple instruments and methods are available to quantify the impacts of renewable 
energies on the regional economy, such as employment ratios, supply chain analyses, 
regional input-output tables (RIOT), or computable general equilibrium (CGE) models. 
Because of the availability of diverse methods, the first task is to select the most 
suitable method for an individual study on a regional level. Selecting a particular 
method depends on which impacts are to be investigated, such as the regional 
gross domestic product, the regional value added, or employment effects. Other 
determining factors are the assessment time (i.e. present or future impacts) and the 
size of the region. However, a critical assessment of the methods is rarely carried out in 

7 A more comprehensive analysis of the region’s characteristics is given in Chapters 3, 4, and 5.
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existing studies (an exception is Llera-Sastresa et al., 2010, who compare analytical to 
economic models), and no comprehensive overview exists regarding the advantages 
and disadvantages of instruments that assess the impact of renewable energy on a 
regional scale. This makes it challenging for researchers and practitioners in the field 
to identify the most efficient method.

To close this literature gap, the first objective of the thesis is, therefore, to investigate 
the most efficient method for assessing the regional economic effects of using 
renewable energies for power generation. Consequently, we can deduce the following 
research question:

RQ 1: What is the most suitable method for evaluating regional economic 
effects of renewable energies?

In addition to the regional economic impacts generated by the renewable energy 
industry8, additional impacts of renewable energy developments are generated 
from an overall macroeconomic perspective. For example, avoiding air pollution 
leads to enhanced public health, and avoided GHG emissions have a positive impact 
on ecosystems and the environment by mitigating climate change effects such as 
rising sea levels and desertification (NASA, 2020). A challenge exists with respect to 
the visibility of environmental effects such as GHG emissions or pollution, where the 
amounts of avoided pollutants or GHGs may when presented as mere numbers, not 
be tangible and usable units for decision makers, who are generally not familiar with 
these dimensions. By monetising the environmental effects in terms of the avoided 
external costs of GHG emission and air pollution, the impacts can be illustrated more 
visibly and therefore offer a more appropriate hands-on base for decision-making 
(Krewitt, 2002; Fouquet, 2011).

Existing studies in the field focus either on the purely economic impacts (e.g. Bröcker 
et al., 2014; Moreno and Lopez, 2008; Slattery et al., 2011) or the environmental ones for 
regional renewable energy developments (e.g. Munksgaard and Larsen, 1998; Cullen, 
2013; Novan, 2015). However, in doing this they fail to assess the benefits of renewable 
energies in a comprehensive way. Nevertheless, illustrating the whole range of benefits 
provides a sound decision base for decision makers regarding the overall impacts of 
regional renewable energy developments. Another objective of the thesis, then, is 
to provide a comprehensive, integrated assessment of the regional economic and 

8 This is a simplified definition as assessing the renewable energy industry is statistically complex (see 
Chapter 2).
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environmental economic effects of renewable energy sources to close this gap in the 
literature. As the methods that have been applied as well as the data required are 
quite comprehensive and results vary broadly between the various technologies, the 
following question will be posed for the technologies that currently offer the largest 
renewable electricity generation potential in Germany: PV and wind power (Henning 
and Palzer, 2012):

RQ 2: What regional economic and environmental effects are generated 
because of the development of solar PV and wind power?

The development of renewable energies may be controversial and the subject of 
considerable debate. Particularly in some regions that rely on the fossil fuel industry, 
energy transformation may be perceived as a threat to the regional economy (Knauß, 
2018). For this reason, a comparison of the impacts of renewable energies and fossil 
fuels should be carried out to provide a basis for stakeholders when they are deciding 
about relying further on fossil fuels or developing renewable energies instead. Some 
studies have already been done on the benefits of renewable energies in relation to 
conventional energy carriers. However, these studies focus either on environmental 
economics, such as Munksgaard and Larsen (1998), Roth and Ambs (2004), and Novan 
(2015), or on purely economic effects, such as Sevilgen et al. (2005) and Tourkilas et al. 
(2009), and mainly considers the national level. Studies that comprehensively compare 
the effects of investing in renewable energies or fossil fuels from an economic and 
environmental view on a regional scale are missing in the literature. To close this 
literature gap, the potential benefits and disadvantages of renewable energies should 
be comprehensively investigated in comparison to those of conventional energy 
carriers, leading to the following research question:

RQ 3: What are the regional economic and environmental benefits of 
renewable energies in relation to conventional energy carriers?

In spite of the potential economic and environmental benefits of renewable energies, 
we find that the current transformation rate of the energy system is not sufficient 
(UNEP, 2019). As a consequence, we need to identify drivers of and barriers to the 
energy transition that go beyond a mere economic and environmental perspective. 
This can be achieved by analysing the interplay between renewable energies and fossil 
fuels from a socio-technical system perspective. By evaluating actors and formal and 
informal institutions of renewable and conventional energies, the concluding part 
of this thesis presents a systemic and comprehensive analysis of a regional energy 
transition that makes it possible to identify barriers and supporting factors. Such 
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analyses have so far either been presented on a national level (e.g. Geels et al., 2016; 
Verbong and Geels, 2007) or insufficiently take the regional characteristics of both 
the conventional energy generation system and renewable energies into account 
(Smith et al., 2010; Truffer and Coenen, 2012). The thesis closes this gap by putting 
the interactions between fossil fuels and renewable energies in regions in the centre 
of the analysis. Against this backdrop, the final objective of the thesis is to identify 
additional factors that support the energy transition, in addition to the economic and 
environmental benefits, and to develop policy measures that are transferable to other 
regions as well, taking into account their individual characteristics and situations. This 
leads to the following research question:

RQ 4: How can a regional energy transition be supported?

These research questions contribute to the overall goal of this thesis. Research 
Question 1 concerns the methods for assessing the regional economic impacts of 
renewable energies based on individual characteristics of the study. Research Question 
2 addresses the assessment of the regional economic and environmental impacts of 
PV and wind power. To answer Research Question 3, a comparison is carried out to 
illustrate the regional economic and environmental impacts of renewable energies 
in relation to fossil energy carriers. This is to provide an evaluation of the impacts of 
regional energy transitions and a ground for regional stakeholders to decide on a 
transformation of the energy system. Based on these outcomes, factors that support 
regional energy transitions are evaluated to respond to Research Question 4, to steer 
regional energy transformation processes in a more efficient way.

1.5 Structure and outline of the thesis
The main body of the thesis (Chapters 2-5) is divided into three parts. Part I of the 
thesis (Chapter 2) deals with regional economic impact assessments of renewable 
energies and investigates the most suitable methods for evaluating the regional 
economic effects of renewable energies (Research Question 1). This chapter evaluates 
the criteria for determining what must to be considered to undertake a regional 
impact assessment. The essential criteria include the spatial scale of the assessment 
(i.e. administrative division and size of the region), economic impact indicators (i.e. 
employment or further economic indicators such as value added), and the assessment 
time (i.e. historic, current or future impacts). Based on these criteria, a guideline is 
designed for selecting an appropriate assessment methodology for regional economic 
impacts. Additional impacts are then discussed, including those that are not purely 
economic such as the external costs of avoided fossil fuel use, building regional 
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capacities to innovate, or the export chances of renewable energy technologies. These 
should ideally be considered in impact assessments as well.

Part II moves from theory to practice by investigating the regional economic and 
environmental impacts generated by the development of PV and wind power 
(Research Question 2). The district of Aachen (a NUTS 3 region) is chosen as a suitable 
spatial entity. Based on the criteria identified in Part I, an impact assessment for PV 
technology is carried out by applying a supply chain analysis that covers the whole 
lifecycle of the technology (Chapter 3). The PV technology presents a special case 
because of a changing market structure. Business models for operators that relied 
on feeding generated electricity into the grid while benefitting from feed-in tariffs 
changed toward self-consumption of generated electricity. This has mainly occurred 
in Germany since 2012. The first contribution of this chapter is the assessment of both 
the economic impacts in terms of employment effects and the regional value added, 
which is defined as regional profits of enterprises, earnings of employees of regional 
enterprises, and regionally allocated taxes, together with an analysis of the further 
environmental benefits of avoided GHG and air pollution. These environmental effects 
are monetised to become a visible and tangible dimension for decision makers in 
preparing the ground for a sound decision on the further development of RES. This 
chapter then provides a comparative overview of other economic impact studies in 
the field and critically discusses results and methodologies. Chapter 4 presents an 
impact assessment of wind power, the most important technology with regard to 
renewable energy sources for electricity generation in the district of Aachen. With 
respect to PV, this study illustrates ways for assessing the regional economic value 
added with a supply chain analysis. Furthermore, additional benefits (i.e. avoided GHGs 
and air pollution) are taken into account and monetised. The results are compared 
to existing studies in the field in terms of both individual results and methodological 
differences. In addition, the regional economic and environmental effects generated 
by the development of wind power and PV in comparison to those of conventional 
energy carriers are investigated to provide a complete picture for decision makers 
(Research Question 3). From a scientific perspective, Chapters 3 and 4 contribute to 
the development and testing of a comprehensive integrated assessment of renewable 
energies in terms of regional economic and environmental effects and provide a better 
understanding of the various impacts of developing various fossil- and renewable 
energy generation technologies on a regional level.

Part III contains a comprehensive overview of regional energy transformations 
(Chapter 5). It investigates factors that support and hamper a transition and provides 
further details regarding how renewable energies evolve in a potentially hostile 
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socio-technical environment such a lignite mining areas with a strong socio-cultural 
embeddedness regarding fossil fuels, as exemplified by the structural Aachen region. 
Using a multi-level perspective (MLP), actors, institutions, and technologies related 
to renewable and conventional energies, as well as overarching developments such 
as the Fukushima disaster in 2011 that initiated the German nuclear phase-out are 
analysed to find patterns that explain the regional energy transition. Environmental 
and economic indicators, and social, political, and institutional characteristics are also 
discussed, to consider all the dimensions of a sustainable development (Evans, et al., 
2009). This accounts for a multidimensional and multidisciplinary view on the energy 
transition, which is rarely found in the existing literature. The thesis then presents 
technology-specific strategies and a tailored overall strategy for the energy transition, 
based on the institutional characteristics in the region. This multidisciplinary and 
multidimensional approach may act as a blueprint for analysing and fostering energy 
transformations in other regions as well (Research Question 4).

Figure 1.4 illustrates the parts and chapters of the thesis and their interconnections in 
a simplified outline, by referring to the number of the part, the main issues explored 
and the economic, technical, environmental, economic, social, and formal and informal 
institutional dimensions covered.

The thesis concludes with a summary of the results, policy implications, and 
ecommendations for further research (Chapter 6).

Figure 1.4: Structure of the thesis
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Abstract
The transition of the global energy system is one of the main trends that offers 
opportunities as well as challenges for the economy. Most literature evaluates the 
impact of that transition at a national level. That view is broadened towards a regional 
scale. Due to the lower energy density of many renewable energy sources, renewable 
energy generation will be more decentralised, leading to potentially significant 
changes in the regional economy when transitioning to a renewable energy system. In 
this paper the current literature and methods of assessing regional economic impacts 
of a transition to renewable energy generation is reviewed. The findings suggest an 
overall need to clearly define the topics, such as technologies, that are assessed and 
the evaluated time period. A guideline for a regional impact assessment is provided, 
focusing on the suitability of applied impact assessment methods (employment ratios, 
supply chain analyses, input-output models, and computable general equilibrium 
models).
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2.1 Introduction
Among researchers in the field of climate, it is widely accepted that the emission 
of greenhouse gases is changing the world’s climate. This negatively impacts the 
ecosystem (NASA, 2017). As the highest proportion (25%) of greenhouse gases is 
emitted by heat and electricity generation (IPCC, 2014), increasing the development 
of renewable energy sources (RES) development is an important strategy for reducing 
greenhouse gas emissions and thus combatting climate change.

Therefore, facilitating and accelerating the development of renewable energy 
technologies for the generation of heat and electricity is a key point in the global 
debate about the energy transition, as it requires a structural change to the energy 
system (United Nations, 2016). This structural change creates new economic impulses 
(e.g. growth of the wind power industry) but also decreases investment in traditional 
energy industries (e.g. the lignite industry) (Gerbaulet et al., 2012).

On a spatial scale, the conventional energy generation system which is based on 
large centralised energy generation units is shifting to a smaller scale, decentralised, 
spatially dispersed system of energy generation (BMVI, 2015).

The various renewable energy technologies (e.g. wind power, solar photovoltaic (PV) 
or geothermal energy) require different location factors and not every location may 
be equally appropriate. Therefore, a change in the spatial arrangement of energy 
generation systems is taking place. Traditional locations for energy generation (e.g. 
lignite or hard coal mining areas) may lose their substantial significance in favour of 
renewable energy generation locations, if the former do not possess suitable local 
conditions for the generation of renewable energy (RE)9, which leads to economic 
losses. In contrast, locations where energy generation by non-renewable energy 
carriers does not take place may be integrated in the system and benefit economically 
due to the possibility of providing energy generation potentials for renewable 
energy systems, which is especially important for economically less favoured regions 
such as rimlands. An example of a region making use of that potential may be the 
economically less favoured North German state Schleswig-Holstein which has aimed 
to achieve a share of 300% of its gross electricity consumption from renewable sources 
by 2025 (Schleswig-Holsteinischer Landtag, 2015), thus making the region a future 
electricity exporter. It can be concluded that changes which take place in the spatial 
arrangements of the energy system are characterised by a transregional crowding 

9 Regarding the discussion of changing spatial arrangements concerning energy systems from a his-
torical perspective cf. Brücher (2008).
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out of conventional energy generation plants and a development of renewable 
energy generation facilities in regions with sufficient potentials for this kind of energy 
generation.

Although there is a broad body of literature assessing the economic impact of shifting 
to a renewable energy system on a national scale (e.g. Hillebrand et al., 2006 and Lehr 
et al., 2012 for Germany, Wei et al., 2010 for the US, or de Arce et al., 2012 for Morocco), 
there is relatively little attention paid to the economic impact of RES on regions, 
whereas at this geographic level the changes may be more significant. Focusing on a 
lower geographic level concerning the effects of RES, developments may be beneficial 
for various reasons. Firstly, decision-making on the deployment of RES sometimes takes 
place at a local or regional level instead of the national level, because regions may have 
decision-making power to hinder, or promote the deployment of RES, as Jacobsson or 
Bergek (2004) show this in an example of the Dutch wind power industry. Assessing 
the economic benefits of RES, will help decision makers to understand the impacts of 
the development of RES in their regions. Besides the benefits for RE industry related 
businesses that are located in the region, information on the economic potentials 
may support other regional businesses in order to identify market opportunities or 
encourage businesses from outside to settle in a region. Therefore, the economic 
potentials of RES may offer a substantial opportunity for many regions.

Moreover, assessing the regional economic impacts of RES may be particularly 
important in regions where RES developments are observed critically, since illustrating 
the regional benefits leads to an increasing acceptance of RES by the population 
(BMVBS, 2013) which makes it easier for decision makers and especially for elected 
ones to communicate positive aspects and decide in favour of RES developments.

Furthermore, because of spatially diverse natural conditions, potential economic 
impacts should be evaluated rather on a regional than on a national scale (unless the 
potentials in a country are evenly distributed). For example, the average yearly full-load 
operating hours of wind turbines are approximately 1/3 higher in Schleswig-Holstein 
(North Germany), than in Bavaria (South Germany) (BWE, 2012). Additionally, in some 
countries RES industries are found spatially concentrated. For example, in Germany, 
approximately 23% of the employees of the wind power industry were employed in 
the North German federal state Lower Saxony in 2013 (Ulrich and Lehr, 2014).

As conditions vary, it is important for regional decision makers to evaluate which 
technologies include the best economic potentials in terms of natural conditions 
available and where regional economic potentials may efficiently be exploited in order 
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to benefit from the opportunities of the energy transition. Relying on national impact 
assessments does not adequately take into account the specific local and regional 
natural conditions and economic potentials in a country and provides no solid decision 
support for regional decision makers when defining a regional RES strategy.

In the case of the German wind power industry it has been found that regions take 
advantage of the potentials because there is a more progressive deployment of wind 
power in the North of Germany (which has a more favourable wind regime), than in the 
South (BDB, 2015 in Leipziger Institut für Energie, 2015). Nevertheless, potentials may 
still not be fully exploited which calls for comprehensive economic impact assessments 
on a regional scale. These assessments should be attached to regional energy potential 
studies or regional energy strategies covering economic and ecological effects of 
renewable energy developments using an integrated approach.

Conclusively, national economic assessments are useful for defining an overall national 
RES strategy covering e.g. legal frameworks or financial support of economically 
promising RE technologies. However, when it comes to regional decisions of RES 
deployments or a definition of a regional strategy for RES developments which 
may be location and technology specific, regional assessments are more beneficial 
than national evaluations and complement them. The overall aim of the paper is 
to provide a review of existing literature in the field of regional economic impacts 
of RES and to set up a guideline for impact assessments. One cannot claim to refer 
to economic development as the most important aspect concerning a sustainable 
regional development which covers issues of “environmental quality, social equity, 
and economic welfare” (Shaker and Zubalsky, 2015:1). Evaluating environmental 
quality or social equity concerning RES deployment are also important issues of the 
discussion (Evans et al., 2009). However, the aim of the study is not to narrow down a 
sustainable regional development only to economic aspects, but to focus on economic 
development by RES as an important part of the debate.

The paper especially addresses researchers and analysts involved in the field of 
RES and regional economic impact analyses. Besides presenting existing literature, 
necessary steps to be taken in assessments are illustrated, as well as a critical review 
of the advantages and disadvantages of applied methods in the field so as to assist in 
choosing a suitable method for individual regional impact assessments. Furthermore, 
practitioners and regional decision makers are informed about the possibilities and 
potential benefits of economic impact analyses which may encourage them to 
integrate such analyses in RES strategies, legitimating RES developments in their 
regions.

2
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After referring to the procedure of literature selection and analysis (Section 2.2), 
evaluated regions, assessed technologies and time periods of publications are 
illustrated and discussed (Section 2.3). Four general methodological impact assessment 
approaches were identified i.e. employment ratios, supply chain analyses, input-output 
modelling, and computable general equilibrium models. A review of these approaches 
is provided in Section 2.4, including a detailed analysis of methodological strengths 
and weaknesses. The conclusions discuss the findings and provide guidelines for a 
comprehensive impact assessment for RES transitions (Section 2.5).

2.2 Process of literature selection
Although it cannot be claimed that every existing study in this field has been evaluated, 
a large body of literature has been analysed in order to capture the current debate and 
developments on evaluating and assessing the regional impacts of RES. Assessment 
methods which have been applied in the different papers are discussed concerning 
their strengths and weaknesses and applicability in specific contexts, which may help 
researchers to identify suitable methods regarding regional impact assessments.

To find relevant publications, a literature search was conducted, using the keywords 
‘economic impacts’, ‘economy’, and ‘renewable energy’ in English and German. 
The most used sources were the internet platforms ‘Google’, ‘Google Scholar’, 
‘ScienceDirect’, and ‘Web of Science’.

After scanning the literature references of appropriate publications to further identify 
literature, all relevant English and German speaking publications were filtered by 
including only literature concerning economic impact assessments on a regional scale. 
German publications were integrated as well, since they included various approaches 
which were not applied in English papers on a regional scale. In addition, German 
publications were used to evaluate the approaches to a non-German speaking 
audience.

The term region may be defined differently given the research context (Faniran, 
1980), and refers to an administrative unit on the sub-national scale in this paper. 
Because of the fact that the characteristics of administrative units in countries (e.g. 
size, population) may vary on an international scale, European regions have been 
categorised into the NUTS (Nomenclature des Unités Territoriales Statistiques; 
English: Classification of Territorial Units for Statistics) system on EU scale. In the non-
European examination areas, which consist of regions in the United States the national 
classifications have been used (Section 2.3.1).
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The 81 publications identified were scaled down to 54 publications (these include 
42 publications in English and 12 in German). Excluded publications contained a 
different version of studies reported in earlier studies. Solely methodological papers 
were included in Section 2.4 in this paper. Figure 2.1 illustrates the literature research 
process schematically. Limitations of the approach are that literature which was not 
found might exist, because it was not registered in the used search engines, nor cited 
by the reviewed articles. Moreover, literature which has not been published in English 
or German is not included.

Figure 2.1: Schematic illustration of the literature research and scaling down process with steps 

taken (in bold letters) and approximate sample size

If an English and German version of a publication existed, the English version was 
evaluated due to a better comprehensibility for non-German speaking readers. 
Most of the publications (70%, n=42) were published from 2005-2015, whereas only 
one publication dating from before 2000 (1995) was identified and one publication 
contained no publication date.

Eleven publications were journal articles in peer reviewed journals and 43 publications 
were grey literature such as project reports. This demonstrates an apparent lack of 
attention in the peer reviewed literature, despite a quite broad body of literature in 
the field.

2
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2.3 Evaluated regions, technologies, impacts 
and time periods
At the beginning of this section, countries and regions where regional economic 
impacts have been evaluated are discussed (Section 2.3.1). The next step presents RE 
technologies that have been analysed in the publications (Section 2.3.2). Additionally, 
different economic impact measurement indicators that have been investigated in the 
reviewed literature are defined including an assessment of the quality of individual 
impacts (Section 2.3.3). The studied time periods of the impact assessment are 
discussed in Section 2.3.4.

2.3.1 Regions covered by the reviewed publications
Most of the publications refer to regional economic impacts in the United States (US) 
(n=33), followed by Germany (n=12), Spain (n=5), Austria (n=2) and the United Kingdom 
(UK) (n=2). Concerning the publications about US regions, short fact sheets about the 
economic benefits of 1,000 megawatts (MW) of wind power in 15 different states were 
identified. Due to the fact that these short reports were written by the same authors 
using exactly the same methods (Lantz and Tegen, 2008a-l and Lantz and Tegen, 
2009a-c) they have been counted as a single publication (Table 2.1).

Table 2.1: Spatial scale of the analysed territories and language used

Country NUTS 1 NUTS 2 NUTS 3 LAU 2 Other
Language

English German

Eu
ro

pe

Austria (n=2) 1 1 1 2

Germany (n=12) 25 (16)10 1 2 11 4 12

Spain (n=5) 5 5

UK (n=2) 2 2

U
SA USA (n=33)

State County Other
33

42 (25) 49 2

To enable an approximate categorisation of the different regions regarding their 
spatial scale, the publications which concern European regions are categorised using 
the NUTS system. The NUTS classification is a European system which enables a broad 
comparability of administrative units on an international scale. In the classification, a 

10 Total number of assessed regions ‘25’ and different analysed regions in brackets ‘(16)’
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NUTS 0 region refers to countries and NUTS 1-3 regions refer to regions. The difference 
between the categories is based on population thresholds and covers administrative 
divisions, whereas the higher the classification number, the smaller and less populated 
the region. LAU (Local Administrative Units) refer to municipalities or comparable 
administrative levels in the EU (Eurostat, s.a.b). However, European NUTS classifications 
are naturally not existent in the United States. Concerning US states, the US spatial 
categorisations states and counties are used. In the following table, other regions refer 
to territories which are not defined by the NUTS classification or which are aggregated 
regions (e.g. the Mid-Atlantic region in the US which is formed by four states but not 
clearly defined as an administrative unit). Some regions have been analysed multiple 
times. Therefore, the number of different evaluated regions in a country is depicted 
in brackets.

Regarding the publications concerning European regions, the most often assessed 
administrative units are on NUTS 1 level, whereas specific economic impacts have 
been assessed for all 16 NUTS 1 regions in Germany. Consequently, a comparability of 
European regions regarding an impact analysis may be more reasonable at the NUTS 
2 level, for which publications from three different countries have been identified. 
However, when comparing the impacts of RES in different regions, specific regional 
characteristics should be considered, which are discussed in Section 2.5.

In the US, the most often evaluated territories are at county level, followed by regions 
on state level. On state level, 25 different states have been assessed including the State 
of Texas which is the most analysed region in the whole sample (4 publications).

When assessing the impact of RES, it is important to clearly define the country or 
region where impacts are assessed due to, for example, different characteristics of the 
regional economy, individual costs for products and services, or labour productivity 
in various regions (Costello, 1993), which obviously affect the results. Assessing 
impacts on an aggregated territorial scale without differentiating between individual 
administrative units bears further disadvantages. First of all economic statistics, which 
are necessary for a comprehensive analysis are often not available on an aggregated 
scale. Moreover, policy actions that are based upon impact assessments are in most 
cases initiated by individual political institutions in the respective administrative units 
and if benefits for individual administrative units are not illustrated, actions may not 
take place. Therefore, regions should be clearly defined administrative units.

The NUTS classification is a useful system that enables a cross-state categorisation 
of European regions, but unfortunately there is no comparability to non-European 

2
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administration systems such as the US. Therefore, to enable a comparison between 
European and non-European regions, data about the specific characteristics of regions 
such as the area size, population, etc. should be taken into account.

Nevertheless, in terms of comparability of economic impacts of RES in regions, 
individual characteristics of regions like the regional economy (Ulrich et al., 2012) or 
natural conditions (Section 2.1) play a role which makes them unique and in a way 
incomparable. Therefore, the primary goal of an impact assessment should not be 
the comparability of regions but rather to develop a scheme to optimally measure 
regional economic impacts (Section 2.5).

2.3.2 Technologies covered by the reviewed publications
It is important to define which RE technologies are assessed, because regional 
economic impacts differ between various technologies. For example, the impact of 
a small solar PV plant on the local economy may differ from the impact of a large 
hydro plant. Moreover, in some regions a technical or economical potential for the 
applicability of a technology might not exist (e.g. installing solar PV systems in a region 
with insufficient global radiation or wind plants in regions with unfavourable wind 
conditions).

A first distinction of RE technologies may be made by the applicability of a technology. 
In this case, heat, electricity, or fuels can be defined as potential energy types. Some 
authors do not clearly define the type of energies being assessed. In the analysis the 
focus lies on heat and electricity only. Only a few regional studies focusing on heat and 
electricity evaluate the economic impacts of biofuels as well (e.g. Moreno and Lopez, 
2008), which is insignificant in the subsequent literature review. Figure 2.2 shows the 
technologies evaluated and the type of energy such as electricity or heat which is 
produced by that RE technology.
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Figure 2.2: Number of assessed technologies and types of energy carrier

In the graph only 51 articles are included, because three articles did not focus on 
the economic impact of a defined RE technology but on an aggregation of several 
technologies to a RE system.

Most publications deal with RE systems regarding electricity generation. In the sample 
15 specific technologies, and 111 evaluations of electricity generation technologies 
were identified. Heat generation was assessed for 8 technologies and 24 times in 
the sample. Some RE technologies, like biomass, provide the potential to generate 
electricity as well as heat (e.g. in a combined heat and power (CHP) system). Therefore, 
some authors did not distinguish between electricity or heat regarding the assessed 
technologies. Moreover, some authors did not clearly refer to the kind of energy which 
is produced by the technology. In these cases, it has been assumed, that both heat 
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and electricity are generated. Regarding the technologies solar and bioenergy, the 
authors used the terms as an aggregation of several technologies.

84% (n=43) of the publications deal with electricity generation using wind power. 
The following most important technologies are solar PV (n=20) and biomass (n=19). 
Therefore, it can be presumed that the outcomes of often analysed RE technologies are 
more robust than less evaluated technologies. Conclusively, the technology as well as 
the type of energy (i.e. electricity or heat) should be precisely indicated by the authors 
in their publications, to permit a clear distinction between technologies assessed and 
their comparability concerning an impact assessment in different regions. A distinction 
between technologies is important because of different conditions (solar irradiation, 
or wind pattern) which may lead to different economic impacts. Moreover, not every 
technology may be efficiently deployable and usable in every region because of 
varying geographic conditions (Section 2.5). Distinguishing between technologies 
in a study may help to understand this factor better.

2.3.3 Economic impact indicators assessed by the reviewed pub-
lications
Economic impacts can be evaluated by different criteria. One of the most assessed 
criteria is the number of employees, which is assessed by 93% of the publications 
(Table 2.2). There is sometimes no comparability of the indicator employment because 
some studies take into account part- and full-time jobs (Wei et al., 2010) or even do 
not provide any information about whether part- or full-time jobs are assessed (e.g. 
Moreno and Lopez, 2008 or SEED Coalition and Public Citizen’s Texas office, 2002). To 
enable a comparability between different publications and to the number of total jobs 
in an area, the number of jobs should always be assessed in full-time equivalents (FTE) 
or person-years. This is the case for 62% of the publications which assess RE related 
jobs (93% of all publications).

The assessment of fiscal effects, which is evaluated by 59% of the publications are 
a good example of the financial participation of local or national governments in 
the local RE industry. This impact is hardly comparable on an international scale 
because of the various tax systems and different tax rates (Tanzi, 1996). Regarding 
the example of Germany, Hirschl et al. (2015) for instance, assess every tax occurring 
in the whole RE industry (e.g. taxes of operating RE by the plant owners as well as 
taxes of manufacturers of RE equipment and businesses involved in the installation 
and operation of RE). Another economic impact are the salaries of employees in the RE 
industry. The significance of that impact is qualitatively higher than the mere number 
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of employees which does not include the quality of generated jobs, which may be 
highly paid white- or low paid blue-collar jobs. Highly paid jobs have potentially larger 
economic impacts because earnings are ideally spent in the local economy leading 
to higher regional economic impacts (i.e. induced effects). Induced effects have been 
calculated by for example Slattery et al. (2011).

Landowner benefits arise from land lease payment from the plant operator to a 
landowner and occur mostly for the development of wind power plants. However, 
for some other space-intensive technologies such as large roof-top and ground-based 
solar PV plants, affordable spaces may also be not owned by the operator. In Germany, 
platforms already exist like for instance Solardachbörse, where property owners let 
spaces for roof top systems (Internationales Wirtschaftsforum Regenerative Energien, 
s.a.), which is a common business model. Therefore, an assessment of land lease 
payments for other land intensive technologies such as large-scale solar PV plants, or 
concentrated solar power (CSP) should be assessed in more detail, which has been 
done by for example BMVBS (2011) or Hirschl et al. (2015).

Moreover, macroeconomic key figures such as gross output, gross value added and 
gross domestic product (GDP) are evaluated by some publications. Gross output 
at market prices refers to all revenues of economic agents in a territorial unit. It is 
calculated by the addition of sales of these agents in a defined period (Colander, 2014). 
Gross output is investigated by approximately one third (35%) of the publications. 
Because of different cost structures and specific characteristics (e.g. the performance) 
of different RE technologies (e.g. Bröcker et al., 2014), it is important to precisely define 
economic impacts of specific technologies and not the impacts of RE by aggregating 
several technologies like for instance Deyette and Clemmer (2005) who illustrate the 
aggregated employment impacts of solar PV and Wind. Gross output, which is referred 
to as economic activity in some publications (Costanti 2004, or Lantz, 2009), is mainly 
assessed for the wind power industry (Table 2.3).

The gross value added (GVA) at market prices can be calculated by subtracting all 
inputs at purchaser prices from the gross output. Gross value added has been assessed 
by one fourth (24%) of published studies and has been evaluated for nearly all RES 
technologies. Regarding the assessment of GDP, it has only been analysed by two 
publications for wind, biomass, and a number of aggregated RES technologies. By 
adding the taxes on products less the subsidies on them, the gross domestic product 
which includes the final monetary value of goods and services (Callen, 2017) is assessed. 
The net domestic product (NDP) is the product of the subtraction of consumption of 
fixed capital. Because of the spatial scale of analysis, only the gross domestic product 
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on a regional scale, which may also be referred to as the gross regional product (Isard, 
1960) is assessed in the publications.

Table 2.2: Number of assessed economic impacts in the reviewed publications

Number of 

Evaluations in %  Impact Categories

(N=54)

50 93 Number of employees (incl. FTE)11

31 57
Number of employees in full-time equivalents (FTE) 

or person-years

32 59 Regional taxes

27 50 Salaries of employees

21 39 Landowner benefits

19 35 Gross output

15 28 Other economic impacts

13 24 Gross value added

11 20 Owner of plants revenues

9 17 Proprietor income of firms

4 7 Investment

4 7 Regional GDP

1 2 Turnover

Other economic effects such as value of rights of conserved water, (Heavner et al., 
2003) or costs avoided for the generation of coal and gas (e.g. Deyette and Clemmer, 
2006) are pointed out by approximately one fourth (28%) of the publications as 
well.

Benefits of plant operators have been assessed and depicted by only 11 (20%) of the 
publications but for almost every technology, whereas 9 publications refer only to 
RE in Germany. The generation of renewable energies is linked to locations where 
the deployment of RE plants is technically and economically feasible because the 
potential economic benefits for the generation of energy are dependent upon the 
region’s natural resources (e.g. solar irradiation or the wind pattern). Moreover, the 
development of RES is dependent upon economic profitability of the project and 

11 If it not has been pointed out, that full-time equivalent jobs or person-years have been assessed, it 
has been assumed that only the number of employees has been evaluated.
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therefore is the main factor for the installation of RES. Henceforth, there is a lack of 
comprehensive evaluation of owner revenues among the publications about regional 
economic impacts of RES.

Other effects include the proprietor income of renewable energy industry businesses, 
investments in RE and turnover of involved businesses (Table 2.2).

Table 2.3 shows the indicators assessed for the specific RE technologies, distinguishing 
electricity and heat. Some technologies enable the generation of electricity and heat, 
which is referred to as electricity, heat aggregated in the table (Table 2.3).

Table 2.3: Total number of assessed economic impacts per renewable energy technology
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Hydro (n=11) 9 6 8 6 6 5 5 2 1     

Wind (n=43) 39 25 26 22 10 8 9 7 20 15 1 1  

Solar (n=1) 1             

Solar PV (n=20) 18 12 9 9 7 6 6 3 2 2 1 1  

CSP (n=10) 9 3 3 2 1 1 1 2  2 1  1

Wave and tide (n=2) 2 1  1 1   1  1    

Bioenergy (n=2) 2 1 1 1 1 1 1       

Biomass (n=14) 14 8 4 5 4 4 4 2  1 2 1 1

Biogas (n=6) 5 4 5 5 5 4 4    1  1

Wood (n=2) 2 2 1 2 1 1 1   1    

Landfill gas (n=2) 2  1 1    1  1    

Geothermal (n=7) 7 5 3 2 2 2 2 2   1   

Hydrogen, Fuel 

Cells (n=3)
3 2      2      

Other (n=2) 2 2 2 2 2 2 1       
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Table 2.3: Total number of assessed economic impacts per renewable energy technology 

(continued)
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Solar (n=1) 2             

Solar thermal (n=11) 11 6 5 5 5 5 4 2   1  1

Bioenergy (n=2) 2 1 1 1 1 1 1       

Biogas (n=2) 2  1 1 1 1        

Wood (n=3) 2 2 2 2 2 1 1 1  1    

Biomass (n=8) 8 5 4 3 4 3 3 2   1  1

Heat pumps (n=5) 4 4 5 5 5 5 4       

Deep Geothermal 

(n=3)
3 3 2 2 2 2 2  1     

RES aggregated 

(n=3)
3 1 3 2 1 2 1 3 1  2 1  

Other (n=2)   1     1      

Economic impacts may also be classified as primary or secondary effects. Primary 
effects refer to direct and indirect economic effects (Breitschopf et al., 2011). Direct 
impacts refer to purchases of one industry from other industries to satisfy the demand 
for new RE plants, for example. In order to enable these transactions, these other 
industries have to purchase goods or services from suppliers which also purchase 
goods from their suppliers. These effects are defined as indirect effects (Miernyk, 1965). 
An increase of production by the generated demand leads to additional income of 
employees and business proprietors of directly and indirectly affected industries. The 
part of income which is spent by these subjects for example for consumption goods 
leads to additional secondary effects which are described as cumulative or induced 
effects.
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Direct and indirect effects are assessed and presented by 21 papers. However, the 
definition and differentiation between direct and indirect effects vary among the 
publications. Whereas, for example, the Job and Economic Development Impact model 
(JEDI) that is used by Lantz (2009), Slattery et al. (2011) and others (Table 2.7) defines 
all on-site effects of installation, construction, and manufacturing of plant modules 
as direct effects (Goldberg et al., 2004), BMVBS (2011) defines benefits generated by 
the generation of electricity by RES as direct effects and all other effects, such as 
installation and maintenance of RE as indirect effects. Therefore, it is not possible to 
compare direct and indirect effects among the papers if they do not use the same 
definitions or methodology. Induced effects have been illustrated by 14 publications. 
However, total impacts are the same although the categorisation of direct and indirect 
effect varies. Therefore, in order to enable a comparison of impacts, publications 
should explicitly describe the impacts concerning their stage in the product lifecycle 
before categorising them into direct and indirect effects according to their individual 
definitions.

With respect to the economic impact of different stages in the product lifecycle 
of different technologies, it is important to stress which stages are assessed in the 
analysis of economic impacts. Although their specific characteristics may vary between 
technologies, the lifecycle of RE systems can be divided into five stages which are; 
research and design, development and manufacture, construction and installation, 
operation and maintenance (O&M) or service, updating and/or dismantling (Llera-
Sastresa et al., 2010). Most authors use only an aggregated version of the lifecycle by 
dividing it into two stages which are 1) manufacturing, construction, installation, and 
2) operation, maintenance.

Authors often use the term construction for the stages manufacturing, construction, 
and installation (e.g. Reategui and Tegen, 2008; Stoddard et al., 2006) to describe the 
different stages. In order to refer to the ambiguous meaning of the term construction, 
which may concern the construction activities during the installation of a RE plant only, 
it should be pointed out clearly which stages are included in the analysis and a clear 
distinction between manufacturing, construction and installation and operation and 
maintenance should be made. Authors that take into account installation separately 
without aggregating the installation and the manufacturing lifecycle stage are for 
example Algoso and Rusch (2004) or Hirschl et al. (2011). A separation is important 
in order to estimate the economic impact and compare it to other regions because 
while a region may not have potential manufacturing resources, local businesses may 
nevertheless participate economically in the installation phase.

2
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Most authors do not specify which industries may benefit from economic impacts. 
This may be an important piece of information for businesses or local economic 
development organisations. Some authors refer to specific sectors such as finance, 
insurance and real estate or construction (Weisbrod et al., 1995; Coon et al., 2012) that 
allows a more specific view on affected industries. However, the RE industry is a cross 
sectoral industry that is difficult to define because it is usually not statistically classified 
as an industry (Section 2.4). Therefore, it is challenging to identify which businesses in 
the sector finance, insurance and real estate may be involved in RE related activities.

Regarding other economic activities affecting local impacts of RE such as research 
and design, only one publication (Hirschl et al., 2015) points out their local economic 
impact. Other authors also include this in their studies, but aggregate it with other 
activities (e.g. Bezdek, 2007; Faulin et al., 2006).

Most of the publications refer only to economic impacts generated by regional 
demand, for example effects, which are generated by the installation of RE plants 
within the region studied. Exports outside the studied region by manufacturers or 
other enterprises, such as RE service companies are often not included in the analyses 
(e.g. ZSW, 2012; Coon et al., 2012). However, a comprehensive analysis of local economic 
impacts generated by the RE industry include regional demand as well as exports. 
Whereas some regions may have a significant natural potential in terms of energy 
generation, other regions may have a considerable potential of manufacturing 
enterprises which produce RE components. Publications which include impacts that 
are generated by non-domestic regional demand are for example Heavner and Del 
Chario (2003) and Ulrich et al. (2012).

Another difference in impact assessment concerns the evaluation of gross or net 
impacts. Whereas gross impacts concern only the positive impacts generated by 
RES deployment in the RE related sectors, net impact studies take into account a 
comprehensive economic analysis of effects. The aim of net impact studies is to 
provide a view of overall effects which are generated by investment in RES on the 
one hand and on the other hand disinvestment in for example fossil energy sources 
(Breitschopf et al., 2011). In the sample, a comprehensive net impact study has been 
assessed only by Weisbrod et al. (1995). All other publications are gross impact studies 
of RE deployment. However, some publications (Algoso and Rusch, 2004; Stoddard 
et al., 2006) take economic impacts of technologies into account which are based on 
fossil fuels to enable a comparison of potential effects, although they do not carry out a 
comprehensive net impact analysis. Moreover, studies which are based on computable 
equilibrium models (Section 2.4.4) take regional competition for resources (e.g. labour 
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(Allan and Gilmartin, 2015) or land rent (Trink et al., 2010)) into account, which leads 
to negative impacts as well. Concerning net impact studies, positive and negative 
effects should be precisely pointed out to enable a comparison with other (e.g. gross 
impact) studies.

2.3.4 Time periods analysed in the reviewed publications
The installation costs for wind power plants in the United States, for instance, decreased 
by 20-40% between late 2008 and 2015 (DOE, s.a.). Therefore, due to transparency and 
comparability reasons, the time period of economic impacts should be specified so 
that publications which include different time periods are comparable. Especially in 
a dynamic market such as the RE industry, costs and therefore impacts are highly 
volatile over time for specific technologies (Schröder et al., 2013; Fraunhofer ISE, 2015). 
However, 12 publications do not indicate what periods are assessed in their study 
and 7 publications only deal with the economic impacts of a single year. Figure 2.3 
depicts the assessed time periods of the publications. Whereas 3 of them deal with 
historical economic impacts which occurred before the time the paper was written, 
most of the 35 papers describe future economic impacts (n=32). Although an ex-post 
analysis may be valuable in terms of a precise evaluation of the RE industry because 
of available and reliable data, the particular strength of an analysis of future impacts 
lies in the assessment of potential chances for the regional economy. By estimating 
future RE deployment and therefore economic opportunities, the local economy may 
successfully adapt knowledge in the context of RE in terms of becoming a “learning 
region” (Florida, 1995:527) to satisfy future demand.

Most of the publications (23%) deal with impacts that occur in a period within 21 
different years, which is the assumed average operation period for most technologies 
(20 years plus 1 year if the operation starts in the middle of a year) (Madlener and Koller, 
2007; Bröcker et al., 2014). 19 publications assess up to 20 years of RE deployment (10 
up to ten years), while only 8 publications deal with periods longer than 21 years.

The longest period is regarded in Gilmartin and Allan (2015) since they take into 
account the impacts in a period of 100 years. Most of the publications refer to either 
one or two technologies or many technologies (six or more).

2
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Figure 2.3: Analysed time periods and technologies of the publications

Some publications like, e.g. Loomis and Hinman (2010), Finus et al. (2013) or Slattery 
et al. (2011) deal with specific RES capacities that are installed at the beginning of 
the investigated time period and do not consider further RE development in the 
region during the evaluated period. Other authors like Lantz (2009) or Bröcker 
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et al. (2014) take into account deployment during the whole period as well. When 
assessing deployment which occurs during the whole time, cost reductions of specific 
technologies because of learning effects, economies of scale (because of the market 
expansion of a technology) (Isoard and Soria, 2001) should also be taken into account. 
Even when assessing an allegedly short time period, costs may develop rapidly, as can 
be shown by the example that the average prices for solar PV systems in Germany 
decreased by 69% between the second quarter 2006 and the first quarter 2013 (EuPD 
Research, 2013). Whereas most of the authors take cost reductions into account (like 
for example Fanning et al., 2014 or Deyette and Clemmer, 2005), some authors (like e.g. 
Heavner et al., 2003 or Madsen et al., 2002) point out that they do not consider them in 
their analysis. Other authors provide no details about cost reductions (Section 2.4.1).

Some publications (e.g. GAO, 2004, or Algoso and Rusch, 2004) take existing scenarios 
into account such as 20% of electricity needs in the United States is to be generated 
by wind power by 2030 (DOE, 2008) which is referred to by Lantz (2009). Other authors 
deal with a stable amount of RE deployment like an installed capacity of 10 MW of 
RE in the region observed (Kildegaard and Myers-Kuykindall, 2006 or Torgerson et 
al., 2006).

In conclusion, time periods which are analysed should be specified and cost 
developments over the period should be taken into account when assessing RE 
development over time. Comparable periods for operation and construction should 
ideally be assumed, e.g. 20 years for wind or solar PV12 to enable a comparison of 
different studies. Moreover, future RE deployment should follow national or regional 
development scenarios or targets to provide a realistic perspective on future 
impacts.

12 The lifetime of individual plants may differ from 20 years of operation and last longer (Fachagentur 
Windenergie an Land, 2016 for wind power; Wirth, 2014 for solar PV).

2
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2.4 Evaluation of methods
The approaches mainly applied in the reviewed literature sample are analytical 
methods like employment ratios (Section 2.4.1) and supply chain analyses (Section 
2.4.2) as well as methods based on economic models such as input-output models 
(Section 2.4.3) and computable general equilibrium models (Section 2.4.4). In 
the following a description of the strengths and weaknesses of the approaches is 
evaluated, preparing the ground for the discussion in Section 2.5 where the most 
suitable methods depending on the size of the region, the time of assessment, and 
the economic indicators are proposed.

2.4.1 Employment ratios
Employment ratios or employment factors are used to assess the employment which 
is generated regarding the total installed capacity or prospective capacity of a specific 
technology. The sum of jobs is calculated by multiplying the installed or prospective 
capacity of a technology (in kilowatt (kW), megawatt (MW), or gigawatt (GW) etc.) 
with a defined ratio of employment per kW, MW, or GW. In case of Biomass generation, 
employment ratios may also be illustrated by employment per gigawatt hour (GWh) 
(Figure 2.4).

Figure 2.4: Calculation of employment using employment ratios (Source: Böhmer et al., 2015:10, 

modified)

Table 2.4 shows the publications that deal with employment impacts of specific RE 
technologies by using the employment ratio approach. Regarding the energy type, 
electricity is the most evaluated energy type, whereas heat is only assessed by 3 
papers. Most of the evaluations (n=10) deal with wind power, followed by solar PV 
(n=7).
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Table 2.4: Studies using the employment ratio approach and evaluated technologies (n=10)

Electricity Heat
Electricity

and Heat Technology Authors

Number of Evaluations

10 Wind

Algoso and Rusch (2004); Heavner and Del 

Chario (2003); Heavner et al. (2003); Llera-

Sastresa et al. (2010); Madsen et al. (2002); 

Moreno und Lopez (2008); SEED Coalition 

and Public Citizen‘s Texas office (2002); 

Simons and Peterson (2001); Sterzinger 

(2008); ZSW (2012)

7 Solar PV

Algoso and Rusch (2004); Heavner and Del 

Chario (2003); Llera-Sastresa et al. (2010); 

Moreno und Lopez (2008); Simons and 

Peterson (2001); Sterzinger (2008); ZSW (2012)

2 1 2
Solar 

Thermal

Heavner and Del Chario (2003);

Llera-Sastresa et al. (2010); Moreno und 

Lopez (2008); Simons and Peterson (2001); 

ZSW (2012)

3 1 1 Biomass
Heavner and Del Chario (2003); Moreno and 

Lopez (2008); Sterzinger (2008); ZSW (2012)

1 1 Biogas Moreno und Lopez (2008); ZSW 2012

1 Landfill Gas Simons and Peterson (2001)

3 1 Geothermal

Heavner and Del Chario (2003); Simons and 

Peterson (2001); Sterzinger (2008); ZSW 

(2012)

1
Hydrogen, 

Fuel Cells
Heavner and Del Chario (2003)

1 Hydro Simons and Peterson (2001)

Some authors use employment factors that are derived from the same sources (Table 
2.5). Employment factors which have first been used by Simons and Peterson (2001) 
for example have also been used by Heavner et al. (2003), Heavner and Del Chario 
(2003) and Madsen et al. (2002). The approach that is used by Sterzinger et al. (2008) 
in a regional context was originally described by Singh and Fehrs (2001). Moreno 
and Lopez (2008), Llera-Sastresa et al. (2010), and ZSW (2012) use employment ratios 

2
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which are derived by the comparison of different publications, which use employment 
factors. The Sustainable Energy and Economic Development (SEED) Coalition and 
Public Citizen’s Texas office (2002) also provides a multiplier for indirect jobs of wind 
RE deployment which is used by Heavner et al. (2003) and Madsen et al. (2002) for the 
calculation of indirect jobs. However, the applied methodology for the calculation of 
this multiplier remains unclear.

Table 2.5: Different approaches of impact assessment using employment ratios

Approach First Authors Following Authors

EPRI13 Simons and Peterson (2001)
Heavner and Del Chario (2003);

Heavner et al. (2003); Madsen et al. (2002)

REPP Sterzinger (2008)14 Algoso and Rusch (2004)

SEED
SEED Coalition and

Public Citizen‘s Texas office (2002)

Heavner et al. (2003) for indirect jobs,

Madsen et al. (2002) for indirect jobs

Derived from 

literature

Llera-Sastresa et al. (2010), Moreno 

and Lopez (2008); ZSW (2012)
-

An advantage of the methodology is its simplicity. Necessary information consists 
only of the installed or to be installed rated capacity and the employment ratio. 
Regarding disadvantages of the approach, large differences between ratios even for 
the same technologies and lifecycle stages occur. Moreover, it is not sufficient to use 
employment ratios from other regions, because of different levels of productivity or 
other specific characteristics (Moreno and Lopez, 2008). Llera-Sastresa et al. (2010) 
state that even for the same region employment ratios should be used in combination 
with additional information such as ratios for specific stages in the product cycle 
e.g. manufacturing, installation and O&M. This information would strengthen the 
significance of the approach because reporting the mere number of jobs enables no 
insight into the quality of jobs, which may be higher paid white- or lower paid blue-
collar jobs and hence generate different earnings and economic impacts. Additionally, 
some regions may not have an available trained workforce for certain lifecycle stages 
(e.g. engineers for the design of RE technologies), which is assumed in the calculation 
of the employment ratios.

13 Electric Power Research Institute (EPRI)
14 REPP approach has methodologically been described by Singh and Fehrs (2001) for the Renewable 

Energy Policy Project (REPP), Sterzinger (2008) is a REPP publication as well
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Many authors use employment ratios without referring to the methodology which has 
been used to deduce the employment factors. An approach to estimate the ratios may 
be to evaluate the working hours for every activity in the product cycle of a specific 
technology and divide it by the typical working hours of a period (usually a year), which 
yields person-years of full-time equivalent jobs per rated capacity of a technology. 
Such evaluations are accompanied by extensive data assessment and comprehensive 
surveys. The REPP approach which is used by Sterzinger (2008) or Algoso and Rusch 
(2004) for example is based on the inquiry of Singh and Fehrs (2001) that assesses the 
working hours of various RE industries.

When using employment ratios over a period of time (e.g. in a future scenario) some 
authors use fixed employment ratios over the whole time (e.g. Simons and Peterson, 
2001 or Madsen et al., 2002). Other authors such as Heavner and Churchill (2002) or 
SEED Coalition and Public Citizen’s Texas office (2002) assume a simple cost reduction 
due to learning effects and productivity, but do not point out at which specific stage 
in the lifecycle cost reductions occur. For instance, it is assumed that costs decrease 
by 10% for the construction period and 5% for O&M per year (Heavner and Churchill, 
2002).

Conclusively, employment ratios are an easy-to-use-instrument to evaluate the 
employment impacts of RE development in a region. However, ratios should be used 
with caution and further information is needed to make a more transparent analysis 
possible. It should be pointed out which technologies and which part of the product 
lifecycle have been assessed in order to enable a transparent comparability of factors 
and an adaptability of employment factors if changes occur (e.g. new production 
technology which enables an enhanced productivity in the manufacturing sector). 
Moreover, because of dynamic markets, ratios should be assessed up do date to take 
into account cost changes (Section 2.3). Finally, cost reductions due to technological 
learning should be included when using ratios for future scenarios. In any case, the 
application of employment ratios for employment assessments in future scenarios 
should be scrutinised with regard to the advantages of other methods.

2
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2.4.2 Supply chain analysis
Supply chain analysis is a methodology for assessing the economic impact of RE 
deployment by evaluating the supply chain of individual technologies15. The supply 
chain which consists of subordinated tiers is drawn up and the economic impact of 
each tier is assessed. By assuming typical project investment and operating costs for 
specific RE technologies, which may also include different plant sizes, the benefits 
of RE plant developments can be calculated. Moreover, investment and operating 
costs may also be interpreted as revenues of enterprises which are part of the tier 0 
level, like the turnkey contractor. These revenues may be broken down into material 
costs, labour costs, and revenues, including taxes. By assessing the net earnings of the 
employees, the net revenues of business proprietors, and taxes, the economic impact 
of a RES technology on tier 0 can be estimated. Additionally, material costs of tier 0 
suppliers (e.g. turnkey contractors) can be interpreted as revenues of tier 1 suppliers 
(e.g. suppliers of the wind turbine) (Figure 2.5). The costs have to be broken down for 
each of the suppliers on tier 1 level and the material costs of these suppliers may also 
be interpreted as revenues of tier 2 suppliers. To assess the businesses that are involved 
in the RE industry in a region that may potentially supply the regional demand, which 
leads to economic impacts, a detailed analysis of the regional businesses is needed, 
because they are not classified as RE businesses in official statistics in most countries 
(cf. Section 2.4.3). A more comprehensive overview of supply chain analyses is provided 
by Breitschopf et al. (2011).

Figure 2.5: Example of a supply chain pyramid for wind and exemplary elements (Source: DTI, 

2004:11, modified)

15 The term ‘supply chain analysis’ is used in Breitschopf et al. (2011) for the approach applied by DTI 
(2004) and Böhmer et al. (2015) for the approaches used in DTI (2004) and Aretz et al. (2013) (which 
contains the IÖW model). We follow that terminology, which could also be named analysis of supply 
chains (Böhmer et al., 2015), because various supply chains are analysed.
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One of the first studies using a supply chain analysis in the context of RES was 
conducted by DTI (2004) on a national level. For regional supply chain analyses, 
only studies dealing with the situation in Germany have been identified. The model 
most often used is the WEBEE (Modell zur Ermittlung von Wertschöpfungs- und 
Beschäftigungseffekten durch Erneuerbare Energien; English: Assessment model for 
value added and employment effects in the context of renewable energies) approach, 
which was originally been developed by Hirschl et al. (2010) and was first called the 
IÖW model (Table 2.6).

Table 2.6: Different supply chain approaches

Approach Lead Author Following Authors

IÖW/WEBEEapproach Hirschl et al. (2011)16
Bost et al. (2012); Hirschl et al. (2015)17; Meyer et 

al. (2011); Weiß et al. (2012); Bröcker et al. (2014)17

Own
BMVBS (2011)

Finus et al. (2013)

The model contains a detailed analysis of 34 different supply chains of various RES 
technologies (Hirschl et al., 2015) and includes impacts for all stages in the specific 
product lifecycle, including value added impacts for operators, wholesale trade, 
manufacturers etc.

The advantage of supply chain analysis is the provision of an exact view of the RE 
industry in the region. It helps to clearly identify the value added generated by 
industries involved in RE related business activities, due to the bottom-up approach 
accounting for the installed capacity in a region and the generated economic impacts. 
Unlike in a top-down approach, there is no disaggregation of statistical sectors needed 
because involved industries are defined as RE related due to their activity in the RE 
industry.

By using the material costs of suppliers and interpreting them as revenues of their 
suppliers there is no double counting. Moreover, changes in prices which occur rather 
fast in the dynamic RE industry can be easily integrated by adjusting the costs for 
specific industries in the supply chain. Decreasing system prices in the context of 

16 IÖW/WEBEE approach was first described methodologically by Hirschl et al. (2010)
17 The studies of Hirschl et al. (2015) and Bröcker et al. (2014) contain an IO model, as well as a supply 

chain analysis, (author’s own graph)
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economies of scale of increasing plant sizes may also be regarded by taking into 
account different cost structures for specific plant sizes. The approach can be applied 
in several regions in a country or market, provided that no huge differences exist in 
technology costs or productivity in industries. The disadvantages of the approach lie in 
the fact that a lot of detailed information on specific costs of technologies and internal 
cost structures, such as labour costs and material costs in various industries, is needed 
in order to conduct a comprehensive analysis. On the other hand, the construction of 
a comprehensive economic model that calls for even more data gathering (Section 
2.4.3 and Section 2.4.4) is not necessary.

Additionally, only inputs which are RES related are taken into account. Other inputs 
like, for example, the value added of the real estate industry that leases property to, 
for instance, energy service companies (ESCOs) are not included in the approach. 
However, that could be overcome by combining the supply chain analysis with an 
input-output model (Section 2.4.3), which is done by, for example, Bröcker et al. (2014) 
and Hirschl et al. (2015). The economic impacts of inputs of enterprises which are not 
directly related to RE related economic activities are then taken into account.

Moreover, if regional industries should be identified to satisfy the demand in a region, 
a detailed analysis of businesses is necessary, which can be resource- and time-
consuming. However, the same obstacles exist, when the RE industry is assessed by 
an input-output model with a disaggregated RE industry sector (Section 2.4.3).

2.4.3 Input-output modelling
Input-output (IO) modelling is an instrument for assessing the interactions in an 
economy which dates back to the work of Leontief (1936, 1951). IO tables show the flow 
of goods and services between the industries in an economy from their production 
to their final use. By illustrating an IO model in the Leontieff inverse matrix the values 
in the columns, which are called multipliers, show what all industries (inclusively a 
given industry) have to produce directly or indirectly (i.e. as inputs) so that the given 
industry can generate one additional unit for final demand (Holub and Schnabl, 1994). 
Concerning final demand, a differentiation between consumption, investment, and 
export may also be provided (Statistisches Bundesamt, 2010).

By using IO tables, it is possible to calculate the gross output in an economy, as well 
as the value added, by subtracting the inputs of an industry from its gross output. 
Moreover, the value added can be divided into different sub components such as 
employee and business income including taxes of businesses. Furthermore, it is 
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feasible to transform the tables with additional information and, for instance, evaluate 
the directly and indirectly employed employees in the industries under investigation 
(Moosmüller, 2004). The mostly used form of IO models in the context of the regional 
economic impact of RE are static IO models which remain unaltered over time. A key 
assumption of these models is that the input of a sector is proportional to its output, 
so that economies of scale, changes in prices, technical progress and increasing or 
decreasing productivity are not considered (Moosmüller, 2004), as well as potential 
substitutions of goods and services (Christ, 1955).

National IO output tables exist for OECD member states (OECD, 2017) and several other 
countries. However, by assessing the regional impacts of RES, a national input-output 
table cannot be used and a Regional IO Table (RIOT) which represents the flows of 
goods and services in a regional economy should be developed. Those RIOTs can 
be derived from national IO tables by calculations, (by transforming the tables using 
for example the LQ or, FLQ approach of Flegg and Thomo (2013), which is a non-
survey approach that is used for example in the Regional Input‐Output Modelling 
System (RIMS) II model or Hirschl et al., 2015). A more comprehensive approach is the 
construction of RIOTs with extensive surveys of the regional economy (e.g. Coon et 
al., 1985). Some RIOTs combine survey and non-survey data from associations such 
as national statistic agencies or economic development organisations. This is called 
a hybrid approach (Jones et al., 2010). In the sample, the study of Fanning et al. (2014) 
relies on an IO model that has been developed with such a hybrid approach (Jones 
et al., 2010).

After the development of a RIOT, the share of goods, which are sourced locally, has 
to be estimated by using industry data or expert estimates and the economic impact 
of a change in final demand for a specific industry (e.g. the wind power industry) can 
be calculated.

One of the most prominent impact assessment instruments in the context of RES which 
is based on RIOTs is the Job and Economic Development (JEDI) model, developed by 
the US American National Renewable Energy Laboratory (NREL) (Goldberg et al., 2004). 
With the JEDI model it is possible to calculate the regional economic impacts of RE 
deployment like employee earnings, gross output or jobs at the state level in the US 
(NREL, 2012). The model contains a detailed cost analysis of different technologies and 
can be applied to measure the impact in different industries. The multipliers used in 
the model are provided by the IMPLAN (IMpact analysis for PLANning) system, which is 
a computer-based IO model that was originally developed for the USDA Forest Service 
and is currently hosted by the IMPLAN group (IMPLAN, 2015a). Originally developed 
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for wind power, it has been adapted in order to be suitable for assessing several other 
energy technologies such as biofuels, geothermal, coal, concentrating solar power, 
marine and hydrokinetic power, natural gas, and solar PV power plants (NREL, 2015). 
It is also possible to use default values for local shares of inputs or to enter one’s own 
information (such as specific construction or O&M costs) into the model. An analysis 
on county level is also possible, but multipliers, which are available from IMPLAN, have 
to be inserted by the user independently. Local shares of inputs should be estimated 
by experts’ judgement, surveys or data from associations because JEDI default values 
are similar among most of the states and only provide a rough estimation of the 
characteristics of the local economy (NREL, 2015.).

IMPLAN IO models are derived from many sources including the U.S. Census Bureau, 
the Bureau for Economic Analysis (BEA) and from existing IO tables (BEA Benchmark 
IO tables) (IMPLAN, 2015b) and provide multipliers for every county in the US. The 
availability of such a tool leads to its wide application for impact analyses at a regional 
level. That becomes evident in the sample, since 19 (82%) of US publications use data 
originally from IMPLAN or the JEDI model with data from IMPLAN (Table 2.7).

Due to the fact that IMPLAN has widely been applied it is possible to compare studies, 
because of the same applied methodology, which is a clear advantage. However, 
weaknesses and limitations of the model such as lack of disaggregation of the RE 
industry in the IMPLAN IO model, or the negligence of foreign trade flows in the gravity 
model, also occur in the reviewed studies.

In contrast, some US publications use other multiplier data from RIMS II, REMI or the IO 
model of North Dakota of Coon et al. (2012). Fanning et al. (2014) use an IO model for 
Wales which has been developed by Jones et al. (2010). Madlener and Koller (2007) use 
the national IO table of Austria to describe the effects on the national economy by the 
deployment of RES in Vorarlberg. The German publications use models, which have 
been developed by their respective organisations (e.g. DIW, 2014a) and are derived 
from national IO tables.
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Table 2.7: Authors using different IO models for impact assessment and analysed regions

IO Model Authors Country Region

IMLPAN

Carlson et al. (2010) US 8 counties in Illinois and Illinois

Deyette and Clemmer 

(2005)
US Texas

Deyette and Clemmer 

(2006)
US Washington

ECONorthwest (2002) US Kittitas

GAO (2004) US

Farms and rural communities 

in 11 different counties in 

California, Texas, Minnesota, 

Colorado, and Iowa

Kildegaard and Myers-

Kuykindall (2006)
US Big Stone County

Timmons et al. (2007) US
Massachusetts and an 

aggregated region (5 counties)

JEDI/IMPLAN

A Renewable America 

(2015)
US Washington

Coover et al. (2013) US Utah

Costanti (2004) US 6 counties in Montana

Lantz (2009) US Nebraska

Lantz and Tegen (2008a-l)

Lantz and Tegen (2009a-c)
US

Arizona, Idaho, Maine, 

Montana, New Mexico, Nevada, 

Tennessee, North Carolina, 

Massachusetts, Indiana, 

Pennsylvania, South Dakota, 

Utah, West Virginia, Wisconsin

Loomis (s.a.) US Livingston County and Illinois

Loomis et al. (2010) US Illinois

Rategui and Hendrickson 

(2011)
US Texas

Rategui and Tegen (2008) US Colorado

Ratliff et al. (2010) US Utah

Slattery et al. (2011) US Texas

Torgerson et al. (2006) US Umatilla County

2
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Table 2.7: Authors using different IO models for impact assessment and analysed regions 

(continued)

IO Model Authors Country Region

RIMS II
Stoddard et al. (2006) US California

Black and Veatch (2004) US Pennsylvania

DIW
DIW (2014a) Germany Brandenburg

DIW (2014b) Germany North-Rhine Westphalia

REMI18 Weisbrod et al. (1995) US Iowa

Coon et al. (1985) Coon et al. (2012) US North Dakota

Jones et al. (2010) Fanning et al. (2014) UK Wales

National IO Table Madlener and Koller (2007) Austria Vorarlberg

Own

Bröcker et al. (2014)19 Germany Schleswig-Holstein

Hirschl et al. (2015)19 Germany
Germany and federal states 

Berlin, Saxony-Anhalt, Hesse

Ulrich et al. (2012) Germany  16 German federal states

Unfortunately, industries in the IO model may be displayed at a high aggregation 
level (e.g. manufacturing industry instead of wind power industry) and multipliers of 
a more general category, such as manufacturing are used instead of taking specific 
inputs of the industry being investigated (e.g. wind power plant manufacturing) 
into account. There is no statistical categorisation of the RE industry concerning 
common national statistics as the RE industry is aggregated with other industries like 
fossil-based electricity or energy generation. Hence, inputs of the RE industry into 
the economy are not clearly categorised in IO tables. Some studies exist which deal 
with this issue by disaggregating original IO table sectors which contain electricity 
generation into new sectors, for example electricity generation from e.g. wind, solar 
PV. This is accomplished by extensive data gathering (Lehr et al., 2015).

According to the assumption of static IO models that inputs have to be proportional to 
the output, several potential economic developments are neglected. Firstly, economies 
of scale, increasing productivity, and technical improvements that have an impact 
on the production volume or prices are not represented, which is a disadvantage in 
dynamic markets such as the RE industry. Secondly, there are no limitations in the 
market volume resulting in the possibility of overestimated production capacities 

18 REMI is a model which can be categorised as an IO model or a general equilibrium model (REMI, s.a.)
19 Bröcker et al. (2014) and Hirschl et al. (2015) use IO modelling as well as a supply chain analysis
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(Moosmüller, 2004). Furthermore, input of goods and services are unchangeable, so 
that a substitution of goods as an effect of e.g. innovative production processes is 
not applicable (Madlener and Koller, 2007). Another disadvantage is the availability 
of IO tables at a sub-national scale (DIW, 2014a) which is especially a challenge on a 
rather small regional scale where non-survey based IO models suffer from a lack of 
accuracy (BMVBS, 2011).

Moreover, due to the fact that comprehensive survey-based data assessment and 
processing is very extensive, the results are published with a delay after the original 
data has been assessed. This also does not take into account the dynamics of the 
RE industry. For a more comprehensive overview of strengths and weaknesses of IO 
models refer, for example, to Miller and Blair (2009).

2.4.4 Computable general equilibrium models
Computable general equilibrium (CGE) models are computerised simulation models, 
based upon the general equilibrium theory and normally start with a current (or 
business-as-usual) equilibrium that is challenged by a change (e.g. a policy shift that 
promotes increasing RES deployments), inducing impacts that lead to an alternative 
general equilibrium (Babatunde et al., 2017).

Typically, CGEs include anticipation about the actions of economic agents (e.g. 
households or enterprises) aiming to achieve individual utility maximisation (Bergs 
and Peichl, 2006; Böhringer and Löschel, 2006). Some CGE models contain further 
assumptions like non-market clearing because of unemployment (Gilmartin and Allan, 
2015). The model assumptions are linked to economic datasets, like a social accounting 
matrix (SAM20). While IO tables illustrate the flow of goods and services from production 
to final demand (Section 2.4.3), SAM based CGEs illustrate the interrelations between 
supply and demand, showing the distribution of income of specific economic agents 
(e.g. enterprises or the public sector), thus providing a picture of the economy in a 
fully integrated approach (Cansino et al., 2013).

Characteristics of the model are elastic prices which are dependent upon supply 
and demand (Böhringer and Löschel, 2006), while in static IO models, increasing 
or decreasing demand does not have an influence on prices and wages (Allan et 

20 There are also CGE models which are based upon IO models (e.g. Gilmartin and Allan 2015). However, 
as the aim of this section is to highlight the differences from IO based models, only literature CGEs 
with integrated SAMs are taken into account.
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al., 2008), which is also the case in the other impact assessment approaches. Since 
additional variables like migration may be integrated in the model, the approach has 
the potential to evaluate the impacts of changing conditions in time like an increasing 
supply of workforce that may have a negative impact on wages (Allan et al., 2014).

Therefore, the approach is the only approach among the evaluated methodologies 
where market mechanisms and agent behaviour are taken into account. In summary, 
the approach

“allows one to study the changes in the spheres of production and consumption as well 
as in income distribution, in response to changes in a given economic policy, as these 
models explicitly include a representation of the framework of interdependencies among 
all markets in an economy“ (Cansino et al., 2013:27).

A further description of specific characteristics of CGEs and their application in regional 
impact analyses is provided by Partridge and Rickman (2010).

SAM based CGE models have not been used for a regional economic assessment of RES 
on a regional scale as frequently as the other approaches since only a few publications 
using a SAM based CGE have been identified (Table 2.8). This goes along with Cansino 
et al. (2014) stating that most economic assessments in the field of RES are based 
upon an IO modelling approach instead of CGE models, which is also the case in the 
reviewed literature sample.

Table 2.8: Authors using different economic data models in CGE approaches and analysed 

regions

Economic Data Model Authors Region

SAMAND Cansino et al. (2013); Cansino et al. (2014) Andalusia

AMOS Gilmartin and Allan (2015)21 Scotland

Own Trink et al. (2010)
East Styria and rest of 

Styria

21 The studies Allan et al. (2008), Allan et al. (2014) are not included in the sample because differences 
between Gilmartin and Allan (2015) were low as they focused on the economic effects of the marine 
energy sector in Scotland using a CGE model as well.
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Gilmartin and Allan (2015) use a CGE model for the assessment of marine energy 
developments in Scotland and compare the results to a study where an IO model has 
been used. This comparison shows the differences in CGE models and approaches, 
where the impact of regional supply and demand on wages and prices are not taken 
into account.

In comparison to the results of the IO model, Gilmartin and Allan (2015) find that IO 
models may overrate the regional employment impacts especially in the short term 
(i.e. the investment stage) and underrate the effects in the long term. This is explained 
by the IO model’s characteristic that labour supply is elastic and an increase in demand 
has no effect on the regional labour market. However, according to the CGE model 
assumptions, an increasing demand in RES-related economic activities leads to rising 
wages in the respective industries if there is no sufficient labour supply. That induces 
a crowding-out of workforce from non-RE related industries to RE-related industries 
as a result and therefore lower total employment impacts as in the IO model. In the 
long term, due to adaptations of the supply side by, for instance, migration into the 
region and a decreasing labour demand after the investment stage, wages fall which 
leads to positive economic effects in the labour market (Gilmartin and Allan, 2015).

Therefore, the advantage of CGE models consists of taking regional supply and 
demand and the impact of increasing regional demand into account which makes 
the approach particularly valuable for assessing future developments which are “large 
relative to the host economy” (Allan et al., 2008:2737).

However, due to the fact that a global market and a global division of labour for 
certain RES technologies (e.g. solar PV) (Binz et al., 2017a) exist, material prices are 
more dependent upon global or national market developments instead of the regional 
market. An increase in regional demand therefore may not have a very significant 
effect on regional prices for RES technologies if the demand stays stable for the 
rest of the world. In the case of biomass, Trink et al. (2010) support that statement 
by illustrating that a higher demand for domestic biomass may only have an effect 
in a protected market. In an international market however, regional goods may be 
substituted by imports which does not have an increasing effect on the regional price 
(Trink et al., 2010). Therefore, the effects of regional demand may be negligible at the 
manufacturing stage.

Nevertheless, in the case of employment especially in the installation and O&M 
stage which is supposed to be taken over by local employees - depending upon the 
specialisation of the local workforce though (Llera-Sastresa et al., 2010) - the advantage 
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of CGE models is the fact that competition between non-RE-related and RE-related 
industries and a crowding-out of employees are taken into account. However, that 
may be more important for larger regions than on a local or small regional scale due 
to a limited supply side and an increased labour demand may be compensated by 
commuters from neighbouring regions.

Further advantages of SAM based CGEs is that specific economic actors such as 
households are considered, which allows the evaluation of the effects of higher energy 
prices because of RES technologies. That is illustrated by Trink et al. (2010) for the 
case of biomass heating which may lead to negative welfare effects for consumers 
although the net regional GDP is positive due to increasing heating costs. CGEs 
therefore provide a more comprehensive illustration of a regional economy than the 
other approaches.

Nevertheless, some assumptions of applied CGE models should be questioned critically 
like “perfect sectoral mobility” (Allan et al., 2014:126), which does not adequately take 
into account the specialisation of the workforce for economic activities related to 
RES. Moreover, cost reductions because of learning effects are also not integrated in, 
for example Gilmartin and Allan (2015) despite the fact that they may be significant 
in some RES industries (Schröder et al., 2013), which according to the model’s 
assumptions, also have a positive effect on employment. A challenge of applying 
SAM based CGEs consists in data availability since according to Jahn (2014) SAMs are 
in many cases not even available on a national scale.

2.4.5 Other methods
Other methods of impact assessment which rely mostly on surveys of the RE industry 
have been used by Faulin et al. (2006), or The American Solar Energy Society (2008) 
and Bezdek (2007), that both rely on the same ASES/MISI22 approach or Tegen (2006), 
who assesses economic benefits in $/kWh (Dollars per kilowatt-hours), using cost 
information from different sources including the JEDI model. These methods will not 
be discussed in the following.

22 American Solar Energy Society (ASES) and Management Information Services, Inc. (MISI)
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2.5 Guideline towards regional RE impact 
assessment
A potential first step of a regional economic impact assessment consists of choosing 
and defining a region (Figure 2.6). Such a definition should contain a clear distinction 
of the regions’ boundaries by ideally choosing official administrative units which are 
classified and internationally comparable in order to enable a comparison of regions 
and economic impacts.

When assessing regional impacts of RES, certain regional characteristics may be 
considered that may conceivably limit the comparability of regions. Therefore, that 
step should include a first analysis of the region of interest. First of all, geographical 
conditions which have an impact on the operation of RES should be regarded. For 
instance, the natural conditions like irradiation for solar energy or wind conditions 
for wind power may define the energetic and economical (which may vary across 
countries because of different system prices) performance of a technology. For 
solar energy, the natural conditions vary between Northern Germany (e.g. full load 
operation hours of solar PV plants in Lower Saxony were 844 h on average in 2014 
(Agentur für Erneuerbare Energien, s.a.b)) and Southern Germany (full load operation 
hours of solar PV plants in Baden-Württemberg were 961 h on average in 2014 
(Agentur für Erneuerbare Energien, s.a.c)). In terms of comparability, this leads to higher 
economic benefits for solar PV operators in Southern Germany provided that system 
and O&M costs are the same. Henceforth, the economic benefits of a technology, may 
be illustrated as economic benefits per unit of energy generated (e.g. €/MWh), as an 
addition to the benefits of the installed capacity (e.g. MW), to take into account the 
natural conditions of locations.

Furthermore, regional consumption patterns may play a role which may be exemplified 
by the most energy-consuming processes regarding residential consumption; while 
in some (northern) regions, technologies for heating may be essentially because of 
climate conditions, in some (southern) regions, cooling may be more important than 
heating (Shah et al., 2008), which has an impact on the RES technologies’ applicability 
and demand in a region. Moreover, concerning consumption, demographic criteria 
like the population number and population density (and concentration) in a region 
should be considered. The possibilities for applying certain technologies may depend 
on the level of consumption and the concentration (e.g. when applying district heating 
solutions (Dötsch et al., 1998)) of the population.

The concentration of the population in a region may - in addition to the size - also 
define the potential to install certain technologies like wind power or open space 
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solar PV plants, which are space intensive. Other criteria like nature conservation or 
water protection may also limit available spaces for the installation of various RES 
technologies.

Moreover, there is a need for an analysis of the local economy. If specialised enterprises, 
which are able to provide services for the installation and the operation of RES are 
located in a region, there is a chance to create more regional economic benefits, when 
these enterprises are integrated in value added activities of RES in a region.

In conclusion, when defining and assessing a region or evaluating a comparison across 
regions, these regional characteristics should be considered.

Furthermore, a precise definition of technologies being assessed, including the 
energy type (i.e. heat or electricity) that is generated by the technology, should also 
be provided. Additionally, a clear definition of the evaluated time period should be 
given. When assessing RE development which is installed within the time period, 
cost developments for specific technologies should be regarded as well. Moreover, 
different life-cycle stages (i.e. e.g. manufacturing, installation etc.) should be precisely 
defined. The impacts that are assessed rely on the research question. While in some 
cases only employment effects are evaluated, further economic effects may also be 
taken into account.

Figure 2.6 illustrates the steps which ideally need to be taken to perform such an 
analysis; however, the order is a proposal that may vary in some cases.

Before choosing the evaluation method, it is necessary to compare the impact 
assessment approaches and to select the most suitable approach for the individual 
study, as each method has its strengths and weaknesses.

Based upon the framework of Figure 2.6, Figure 2.7 shows in which specific situations 
(e.g. indicators: size of the region, time, and type of impacts), the advantages of the 
evaluated methodologies are especially useful, and in which circumstances the 
application of a specific approach is the most efficient solution.

For the indicator region, small refers to the local and small regional scale, whereas 
large covers all larger regions on the sub-national scale. A threshold for large regions 
can be spatial units above the European NUTS 3 level or US county level depending 
on the specific regional situation.
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Figure 2.6: Steps to be taken when assessing the regional economic impacts of RE

The indicator time refers to the period where RES deployments take place. Current 
analyses cover already installed plants whereas Future analyses deal with RES 
deployments in future periods.

As employment is the most often assessed indicator in impact assessments and some 
research may consider an evaluation of employment impacts as sufficient, the main 
assessment impacts are employment or further economic impacts (Table 2.2).

The situation where the strengths of the specific methods are most valuable is 
illustrated by an unbroken line and the promising alternative applicability of an 
approach is illustrated by a dotted line.

Analytical models like supply chain analyses and employment ratios may be especially 
beneficial on a local scale and in relatively small regions, where no economic models 
like a RIOT and a SAM exist, since constructing a survey-based RIOT or CGE model 
solely for the case of renewable energy impact assessment is very resource intensive 
and applying non-survey-based models in rather small regions may lead to imprecise 
results (Section 2.4.3).

If only the current situation is assessed, there is no need to take future regional labour 
supply and price changes into account and existing data can be used. Therefore, an 
employment factor approach is the most efficient approach for assessing employment 
impacts of the current situation in small regions (orange unbroken line). However, in 
terms of reliability, employment factors should be up-to-date and assessed in the 
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same region where an analysis takes place so that they are open to scrutiny. A best 
practice example using employment ratios is provided for instance by Llera-Sastresa 
et al. (2010).

Figure 2.7: Most suitable (unbroken line) and promising alternative (dotted line) approaches, 

depending upon the size of the region, reference time, and types of impacts

The advantage of supply chain analyses becomes especially evident in the analysis 
of current economic effects in small regions (grey unbroken line). As for employment 
ratios, there is no need to have an economic model available, a disaggregation 
of sectors is not necessary, and the approach allows economic benefits beyond 
employment to be taken into account. Allied to the benefits of analytical methods 
on a small regional scale for current assessments, the approach may also be used as a 
potential alternative to CGEs to evaluate future economic effects on that scale (grey 
dotted line) since scarce resources (e.g. workforce or goods) on a small regional scale 
may be compensated by international trade or commuters from outside the region. 
Furthermore, supply chain analyses are the most transparent tool if economic effects 
of specific RE technologies (e.g. wind power, cf. Figure 2.5) are evaluated if - as in most 
cases - economic models are not finely disaggregated. Supply chain analyses can be 
more easily adapted than employment factors, RIOTs, or CGE models and changes 
which occur in the supply chain (e.g. changes in prices, substitution of goods) can be 
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integrated with limited effort. A best practice example of an impact assessment by 
conducting a supply chain analysis is provided for instance by Hirschl et al. (2010).

Typically, RIOTs provide a comprehensive analysis of the flow of goods and services 
in an economy because all inputs of industries are taken into account in the model 
and not just RE related inputs like in the supply chain analysis approach. Moreover, 
it is possible to assess employment effects with an IO model, so that it provides the 
same solution as the employment factor approach. IO models may also be used to 
measure disinvestment if these decline, due to RE development (e.g. coal mining), 
provided the energy generation sector is sufficiently disaggregated. A disadvantage 
of most IO models compared to the employment factor approach and the supply 
chain analysis, is that data is mostly not up-to-date because of the intensive process 
of data gathering. Moreover, regional IO tables are not available for most regions 
(except for the US, where a series of models are available) and non-survey methods 
of constructing IO models may suffer from a lack of precision in small regions (Section 
2.4.3). Because of these constraints and due to fixed coefficients, which inadequately 
take future market dynamics into account especially concerning employment, other 
methods are more suitable for evaluating impacts on a small regional scale and future 
impacts in large regions.

Additionally, if RE industries are not disaggregated (which depends on the aggregation 
level of the IO table used), impacts of specific technology segments (e.g. small roof 
top solar PV) are hard to define. A suitable approach may be coupling a supply chain 
analysis with a regional IO model, because a disaggregation of RE related economic 
activities in the IO model is not obliged since effects of RE- related activities are 
covered by the supply chain analysis, which is done for example by Bröcker et al. (2014) 
and Hirschl et al. (2015). Nevertheless, because of their comprehensive illustration of 
the economy, IO models are a suitable tool in large regions since there may be survey-
based IO tables available or, in case of a derivation from national IO tables, inaccuracies 
in RIOTs may not be as significant as on a small regional scale.

In conclusion, for an impact assessment of current renewable energy developments 
beyond employment in larger regions, IO tables are the most suitable approach 
(yellow unbroken line). As it is possible to assess employment with the approach as 
well, another potential alternative is the assessment of current employment in large 
regions (yellow dotted line). A best practice example of an impact assessment by using 
RIOTs is provided, for instance, by Coon et al. (2012). SAM based CGE models extend 
the benefits of an IO model regarding a comprehensive impact analysis by taking 
future market dynamics and distribution effects into account, enabling a potential 
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view of future impacts. Due to the static nature of the other approaches that do 
not take into account the regional supply side, the model is especially beneficial for 
future assessments, since in historic or current data assessments these benefits of 
CGEs become obsolete.

CGE models are especially suitable for assessing employment effects because the 
impacts of increasing demand on wages and employment are taken into account. For 
some stages in the supply chain, especially manufacturing, a limited regional market 
may not exist (Section 2.4.4) but for other stages (e.g. construction and installation or 
O&M, with a lower level of specialisation) the method has its benefits in comparison 
to the other approaches. However, future learning effects which have a negative 
impact on the workforce demand should be taken into account. These benefits occur 
especially in larger regions, where an increased demand may not be compensated by 
commuters from outside the region (purple unbroken line).

Another benefit beyond the evaluation of employment effects lies in the fact that SAM 
based CGEs illustrate distribution effects which allows the negative effects of rising 
energy prices for consumers to be taken into account. They are therefore a beneficial 
alternative to IO models when taking further economic evaluations (purple dotted 
line) into account. In conclusion, SAM based CGEs are the most comprehensive tool 
for assessing the overall effects of a transition to renewable energies.

Nevertheless, it should be noted that the framework provides a generalised picture 
assisting in choosing a suitable impact assessment. Further variables, such as resource 
constraints (e.g. time, money), regional data availability (e.g. existing RIOTs), the 
technology with its specific market dynamics, the specific stage in the value chain 
which should be assessed, and the extent of developments, affect the assessment 
method selection. The extent of developments is an indicator for the usefulness of 
CGEs, since shortcomings of approaches which do not integrate supply and demand 
are more apparent in large developments which have a significant impact on the 
regional economy. Moreover, the extent of impacts is important as SAM based CGEs 
allow income distribution effects for households to be taken into account, which is 
not included in the other approaches.

After choosing a method, data sources and the methodology including its strengths 
and weaknesses should clearly be explained since especially the complexity of a 
CGE may be considered as a “black-box” (Böhringer et al., 2003:1) for inexperienced 
practitioners in the field of economic modelling. When conducting a comprehensive 
analysis of economic impacts, the effects generated by installed RE capacities in the 
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region, as well as regional enterprises which are part of the RE industry, should ideally 
be taken into account to cover impacts generated by domestic as well as external 
demand.

To study the regional chances as well as challenges due to energy transformation, 
potential economic losses in conventional energy generation industries due to 
increasing renewable energy developments should also be taken into account in 
comprehensive regional studies. This especially affects regions where conventional 
energy generation takes place and supports regional decision makers by evaluating 
how losses may be compensated by renewable energy developments.

All the studies reviewed focus on relatively clearly assessable RE-related economic 
benefits (e.g. through job generation), and most often lack a comprehensive 
analysis of additional benefits, such as changes in regional economic perspectives 
(e.g. leading to improved export chances), innovation dynamics and spill-overs, 
as well as further macro-economic effects through e.g. improved public health 
(due to reduced air pollution) and other factors. Therefore, from a comprehensive 
regional economic evaluation perspective, further assessments could be integrated 
in an analysis. Presenting just the results or impacts may not sufficiently show how 
regional businesses may profit from RE developments in general and, specifically, 
the developments of the RE industry in a region. Therefore, regional collaboration 
between research organisations, RES businesses and industries, as well as aspects 
of the functional economic specialisation (Brachert and Titze, 2012) of a region, 
potentially enhance knowledge spillover effects and employment growth (Frenken 
et al., 2007) and may lead to innovations (Asheim et al., 2011), should be assessed. 
Furthermore, subsequent impacts, like avoided greenhouse gas and air pollutant 
emissions that may have a positive benefit on public health and therefore reduce 
healthcare costs (Haines et al., 2009), can also be considered. However, there are 
methodological challenges in estimating these costs and benefits (Haines et al., 2009). 
Further analysis is recommended for the evaluation of these ancillary benefits in more 
comprehensive studies of the impacts of RES on regional economies.

In conclusion, if the aspects which are stressed in this guideline are taken into account 
in future publications, it will strengthen the significance of impact assessment 
analyses and may lead to a more considerable appreciation of the opportunities of 
RE deployment in regions by politics, economy, and society.
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Abstract
The energy transition is a challenge that affects regions on various scales. This paper 
presents the economic chances of deploying the renewable energy technology solar 
photovoltaic in a German region. Total regional economic effects of 280 PV plants, 
installed in 2014 with a cumulative capacity of 3.7 MW, lead to a regional value added 
of approximately €3.8 million (€1,019/kW installed, €57/MWh electricity generated) 
and employment effects of 42 full-time person years (11 person years/MW installed), 
occurring from 2014 to 2034. The avoided greenhouse gas emissions of these plants 
are 2,365 tons CO2-equivalents per year (0.7 kgCO2-eq/kWh generated) and the avoided 
air pollution is 0.97 tSO2 per year, 1.48 tNOx per year, and 0.07 t NMVOCs per year in 
2014. The total economic effects of regional value added, avoided CO2 emissions, and 
avoided air pollution per year in 2014 range from €0.8-1 million or (€208-277 per kW 
installed, €231-307 per MWh electricity generated).
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3.1 Introduction
One of the main characteristics of the German Energiewende is the transformation of 
the energy system from large centralised energy generation systems, based on e.g. 
fossil or nuclear energy, to a more distributed, decentralised energy system, based 
on renewable energy sources (RES) like e.g. wind or photovoltaic (PV) generated 
locally (Gailing and Röhring, 2015; Beckmann et al., 2013). On a spatial scale, this leads 
to changes in the spatial arrangement of energy systems and regions, which were 
previously not actively involved in energy generation may benefit economically from 
renewable energies. The brut electricity generation in the German Land Thuringia 
for example increased from 2.2 gigawatt-hours (GWh) with a share of renewable 
energies of 4% in 1991 to 8.4 GWh in 2014 with a share of renewables of 55% (LAK, 
s.a.). On the other hand there is still a strong, socioeconomic significance of fossil 
energy systems in some regions, and a skeptical view on renewable energy (RE) 
developments as illustrated by Keppler (2008) for the Lausitz lignite mining area. 
To overcome the intense sociocultural significance of economic activities related to 
fossil fuels in a region which may lead to lock-in effects and hinder the application 
of new technologies (Unruh, 2000; Grabher, 1993) in regions, positive aspects of RE 
developments like ecologic and economic effects should be demonstrated to increase 
acceptance of RE (BMVBS, 2013).

This acceptance is needed because decision-making processes on the development 
of renewable energy projects are not always national but rather regional issues, as 
shown by Jacobsson and Bergek (2004) for Dutch wind power developments. Decision 
power depends upon the legislative responsibilities of different governmental levels 
in a country. In Germany, decision-making power lays to a large extent on the regional 
or local level (ARL, s.a.), which is also the case in other countries (e.g. Austria (Stix, 2014) 
or the US (Kayden, 2000)).

In the analysis, the focus lies on PV-systems, which is a technology where the 
dynamics in the global renewable energy market are particularly visible. In recent 
years a spatial reorganisation of the PV industry, leading to job losses in the German 
PV manufacturing industry takes place (Wirth, 2017). Furthermore, decreasing feed-in 
tariffs for generated PV electricity lead to the impression that PV systems were not 
profitable for operators (Taunus Zeitung, 2012; Bröcker et al., 2014).

Conclusively, there is a need to show the benefits of PV developments for a region, 
even after market changes in terms of losses in the manufacturing industry and 
decreasing feed-in tariffs.
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The benefits of PV developments are evaluated in the district of Aachen (Section 3.2), 
as an exemplary region which is supposed to suffer in the future, due to expectable 
economic losses in conventional energy generation industries, illustrating that 
investing in renewable energies is a beneficial strategy (Section 3.3). Additionally, the 
environmental and economic benefits of avoided emissions due to PV developments 
are illustrated (Section 3.4).

3.2 Characteristics of the region and PV 
developments in the region
The district of Aachen (German: Städteregion Aachen) is located in the West of Germany 
in the Land North Rhine-Westphalia (Figure 3.1). It has an area size of approximately 707 
km² and a population of 554,000 inhabitants in 2015 (IT.NRW, s.a.) and is subdivided 
into 10 municipalities. The region is categorised as a NUTS 3 region in the European 
statistical classification, which is the lowest category for regions (Eurostat, s.a.c), and 
is, therefore, classified as a small region on a European scale.

Figure 3.1: Location of the district of Aachen in Germany (left side) and neighbouring territorial 

units (right side) on NUTS 3 level (Source: author’s own graph, map data source: Eurostat, s.a.a)

The Aachen mining region in the north of the region has been one of the oldest 
European black coal mining regions whose last coal mine was closed in 1997 
(Bergbaumuseum Grube Anna e.V., s.a.). The lignite power plant Weisweiler, producing 
15.3 terrawatt-hours (TWh) of electricity per year (mean value of electricity generation 
from 2012 to 2014) is located in the municipality of Eschweiler in the East of the district, 
as well as the open lignite mine Inden which lays partly in the district of Aachen and 
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the district of Düren. It is aimed to close the lignite mine by 2030 (RWE Power AG, s.a.). 
In 2009, the mining and energy company RWE Power AG employed approximately 
1,600 employees in the open lignite mine and the power plant Weisweiler, which 
demonstrates the economic significance of fossil fuels in the region (RWE Power AG, 
2009).

The region may be characterised as a forerunner in the development of PV plants, 
because of the early implementation of cost covering feed-in tariffs for PV operators 
and a transfer of the costs to electricity consumers (so called Aachener Modell) in the 
region in the 1990s. That model was adapted by other German cities and later on 
by Feed-in tariffs regulations (FiT) in the German Renewable Energies Act (EEG) in 
2000, which lead to large-scale PV deployment in Germany (Mertens, 2015; Willecke 
and Räuber, 2012; Edinger, 1999). Figure 3.2 shows the PV development since 1994 
in the region (left). Until 1996, small-scale developments with 295 kilowatts (kW) of 
cumulative installed capacity in 1996 dominated. Since 2007, the regional market acts 
very dynamic with large-scale developments especially in 2011 (16.9 megawatts (MW)) 
and 2012 (18.7 MW). In 2014, the installed capacity of plants that have been installed 
since 1994 is 70.9 MW. The majority (54.4 MW) of plants are rooftop plants.

In comparison to Germany, there is a relatively high dynamic in the 1990s due to the 
early implementation of feed-in tariffs in the region (Figure 3.2, right). After 2000 
and implementing the EEG in Germany, significantly higher dynamics in the German 
market take place which may be explicable by more favourable global radiation 
potentials in other German regions (e.g. South of Germany) which led to large-scale 
deployments (Agentur für Erneuerbare Energien, s.a.d). In the South German Land 
Bavaria for example, 29% of all PV plants in Germany are installed (data compilation 
by Agentur für Erneuerbare Energien, s.a.d and BMWi, 2016), whereas it covers only 
20% of the total area of Germany (Destatis, 2017).

3
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Figure 3.2: Cumulative installed capacity of PV (rooftop and open space) in the district of 

Aachen from 1994-2014 (left) (Source: render, 2016) and PV developments in comparison to 

Germany from 1990-201423 (right) (Source: data compilation by BMWi, 2016 for Germany and 

render, 2016 for the district of Aachen)

3.3 Regional economic impacts of PV

3.3.1 Selection of an impact assessment method
Three often applied methods can be identified to assess positive economic and 
employment effects of renewable energies. These are employment ratios, input-
output (IO) models, and analyses of supply chains (Jenniches, 2018).

As it is intended to look beyond the assessment of regional employment effects only, 
the advantages and challenges of conducting an impact analysis based on regional 
IO models and supply chain analyses are solely presented in the following.

The special characteristic of IO models is the representation of interactions in a defined 
economy (e.g. a country), by illustrating the exchange of goods and services. These 
exchanges are captured in an overall view which ranges from production to the final 

23 Due to issues of illustratability a logarithmic scale has been used, which has to be taken into account 
when comparing the different developments in Germany and the district of Aachen.
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use of commodities and thus includes all direct and indirect effects (Statistisches 
Bundesamt, 2010). A clear advantage of the approach lays in the comprehensive 
illustration of economic exchange.

When using IO tables to illustrate the economic effects of renewable energies, there are 
several challenges. National statistics do normally not distinguish between economic 
activities in the field of fossil or renewable energies like in the case of Germany where 
IO tables contain only electricity generation in general (Statistisches Bundesamt, 2010). 
Therefore, the effects of, for example, electricity generation by renewable energies 
have to be disaggregated in a resource binding process to illustrate the effects of RES. 
Original tables illustrating inputs and outputs on a regional scale (regional IO tables 
(RIOTs)) are not available for small regions in Germany (DIW, 2014b) and have to be 
derived from national data by calculations (e.g. Hirschl et al., 2015) or extensive surveys 
(e.g. Coon et al., 1985). However, BMVBS (2011) state a lack of precision of non-survey 
based IO modelling on a small regional scale. Further discussions on IO modelling is 
found in e.g. Richardson (1972) or Miller and Blair (2009). Studies that use RIOTs with 
regard to renewable energies are Coon et al. (2012), Slattery et al. (2011), or Stoddard 
et al. (2006).

The analysis of supply chains follows the idea of evaluating single economic activities 
(e.g. installation or operation) of renewable energy deployment. In the evaluation, 
the costs of the plant operator for the activities (e.g. maintenance) are considered as 
revenues of the respective companies. In a first step, the revenues are disaggregated 
into material costs (or intermediate inputs) provided by the suppliers and additional 
revenues. These additional revenues are needed to calculate the economic effects 
with regard to the maintenance industry by applying industry specific statistics. The 
material costs may be interpreted as revenues of the wholesale trade which may be 
disaggregated into intermediate goods and additional revenues as well. By applying 
industry specific statistics, the economic effects of the trade are evaluated. The 
intermediate goods are interpreted as revenues of component manufacturers and so 
on. A clear advantage of this bottom-up method is that effects of individual activities 
can be determined very precisely. In a supply chain analysis, a precise distinction 
between renewable energy technologies and even regarding a particular technology 
(e.g. between small and large power plants) should be made (Böhmer et al., 2015).

A challenge is the accuracy and the quantity of information on costs that is needed 
to perform a supply chain analysis. Moreover, a realistic estimation of activities that 
can be taken over by regional companies (Section 3.3.2.1) may be quite resource 
demanding because the renewable energy industry is inadequately captured in official 
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statistics (Section 3.3.2). Examples of supply chain analyses are Hirschl et al. (2015) or 
Finus et al. (2013).

For the analysis of the district of Aachen, a supply chain analysis has been identified 
as the most favourable assessment approach, because original IO tables for small 
regions are not available and a survey based approach was considered as being too 
resource intensive. Moreover, according to Llera-Sastresa et al. (2010), “analytical 
models” (Llera-Sastresa et al., 2010:680) like the supply chain approach are considered 
as being more transparent in comparison to IO tables, because the weight of specific 
variables influencing the results can be more easily assessed.

3.3.2 Assessing the regional economic impact of PV
Concerning the components and the assessment of local or regional value added, 
the paper follows Hirschl et al. (2010) and Bröcker et al. (2014) who define them as 
profits of enterprises, net income of employees of enterprises, and locally or regionally 
raised taxes.24 Employment effects are evaluated in full-time employment person-
years. These key figures cover most of the impacts that have been analysed in previous 
regional economic impact assessment studies of renewable energies (Jenniches, 
2018).25

In this section, the impacts are calculated for the latest available data of plants that 
is 2014. The conducted supply analysis does not include an overall assessment of the 
PV industry in a region, but enables a quantification of the impacts directly induced 
by the deployment of PV in the region. Therefore, the additional impacts of the PV 
industry are estimated by relying on industry statistics.

The assessment is structured as follows: After a lifecycle analysis, where activities in 
the PV lifecycle are evaluated, local shares of the specific activities are defined (Section 
3.3.2.1). This section also includes the evaluation about the economic benefits of the 
PV industry in general which are not dependent on regional PV developments only. 
In a further step, a cost analysis is conducted (Section 3.3.2.2). The costs of different 
activities may be interpreted as revenues of regional enterprises (e.g. planning or 

24 All taxes which are not raised by the municipalities in the region are not taken into account as a com-
ponent of the regional value added. Subsidies are not taken into account.

25 By applying the supply chain approach, the gross effects of PV developments are studied. Net effects 
as a result of crowding out other electricity generation technologies are neglected in the calculation 
model and, therefore, an estimation of the potential effects on the lignite industry is additionally 
provided by a separate analysis (Section 3.3.3).



95

Regional Economic and Environmental Impacts of Renewable Energy Developments: PV

installation companies), that are needed to analyse the economic effects in the 
following part of the section (Section 3.3.2.3). Finally, the assessment of the activity 
electricity generation (Section 3.3.2.4) is demonstrated.

3.3.2.1 Lifecycle analysis and estimation of economic activities carried out in 
the region
Illustrating the lifecycle of PV plants, the paper follows Llera et al. (2013) who define 
five lifecycle stages of renewable energy plants. In the following, it is referred to these 
lifecycle stages as research and development (R&D) (1), manufacturing (2), installation 
(3), operation and maintenance (O&M) (4), and decommissioning (5).

As a first step, the stages of the PV plant lifecycle regarding their specific activities are 
analysed. These activities have been derived from existing studies in the field such 
as BMVBS (2011), Hirschl et al. (2010), and PV information platforms like Heindl Server 
GmbH (s.a.). Evaluating the activities in the PV supply chain that are carried out by 
regional enterprises is challenging as the renewable energy industry is insufficiently 
listed in official statistics. Different industry statistics from official and non-official 
sources such as IHK Aachen (s.a.a), Heindl Server GmbH (s.a.), Cylex International 
S.N.C. (s.a.) have, therefore, been used to identify individual potential enterprises in 
the renewable energy market in 2015 by hand. In an extensive analysis, which was 
supported by an online survey, 225 enterprises that were able to be active in the 
PV market have been identified. This excludes insurance companies, tax advisory 
enterprises, or financial institutes that are active in the market and located in the 
region.

For R&D there are methodological obstacles to calculate a realistic and quantifiable 
economic impact of organisations in the region regarding regional PV developments, 
because of international cooperation in R&D activities (de Paolo et al., 2016; Quitzow, 
2015), and as it is hard to define an economic value for R&D activities in the price 
of a plant component, which is essential for the assessed supply chain approach. In 
the Aachen region, three enterprises and one institute of RWTH Aachen University, 
involved in PV related R&D activities have been identified. According to Bundesanzeiger 
Verlag GmbH (s.a.), profits of the three enterprises have been €856,000 in 2014 and 
the institute employed 16 employees. This value can be serve as a broad estimation 
since it could not be identified how much of these profits and employment effects 
are accountable for solely PV related activities.

3
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Although PV related manufacturers are located in the region it is difficult to define 
a realistic share of components of PV plants in the region, originating from these 
manufacturers, because the production capacities as well as the delivering flows of 
regional manufacturers are unknown and could only be estimated very broadly. That 
challenge is also stated by Kirkegaard et al. (2010). Eight component manufacturers, 
have been identified in the region. Profits of PV related manufacturing enterprises 
have been calculated by relying on data of Bundesanzeiger Verlag GmbH (s.a.) and 
are approximately €1,678,000 (in 2014 and for one enterprise in 2013).26 As in the case 
of R&D, these profits are not only generated by PV related activities and illustrate the 
situation in 2014. Like for R&D related activities, these profits are decoupled from the 
supply chain analysis because they are generated from PV developments inside and 
outside the region.

As an overall trend in R&D and manufacturing, a rising importance of actors from 
Asian countries can be observed (Binz et al., 2017a for R&D and Quitzow, 2015 for 
manufacturing). Therefore, it is beneficial from a regional economic development 
perspective to refer to other parts of the lifecycle stage, which can be done by 
organisations from the region in the long term. Hence, the focus of the supply chain 
analysis lies on the stages installation, O&M, and decommissioning (Figure 3.3), where 
an allocation of activities, done by regional enterprises concerning regionally installed 
plants is more probable (Llera et al., 2013).

The local shares for installation, O&M, and decommissioning have been estimated 
based on the regional industry analysis and assumptions from existing studies. A local 
share of 100% has been assumed for all activities, excluding grid connection, metering, 
funding, and insurance. For grid connection and metering, a regional share of 93% has 
been estimated, based on the distribution of grid operators of the PV plant stock in 
the region that started operating between 1994 and 2014 (render, 2016). The regional 
share of financial institutions (45%) has been estimated following BMBVS (2011). Given 
the fact that insurance contracts may be taken out by online insurances or a local 
insurance broker a share of 50% of insurance contracts between the operator and a 
regional insurance broker has been assumed.

26 In this number, the profits of two manufacturing enterprises are not included, because they were 
subsidiaries and it is not possible to estimate the share of profits which is generated by them. More-
over, the profits of two manufacturing enterprises (€835,000) have already been included in the R&D 
enterprises’ profits because they are also involved in R&D related activities.
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Figure 3.3: Activities, flows, spatial scope, and temporal dimension of different lifecycle stages 

of PV systems, installed in the district of Aachen in 2014 (*meter manufacturing is supposed to 

happen in 2014 whereas the meter lease happens from 2014 to 2034)

The effects of PV plants, which have been installed in the region in 2014 are evaluated. 
R&D of the PV technology has been conducted before the component manufacturing 
stage that may take place in 2014 or before. After the installation and grid connection 
in 2014, a plant operation period of 20 years (2014-2034), as assumed by Bröcker et al. 
(2014), Hirschl et al. (2010), and other authors is assumed, although plants may operate 
longer (Wirth, 2014). Decommissioning takes therefore place in 2034. As depicted 
in Figure 3.3, a flow of goods and services takes place starting from manufacturers, 
to the wholesale trade, to service providers, and finally to the plant operator. In the 
opposite direction a flow of monetary transactions occurs that is evaluated in the cost 
analysis. In the following, a cost analysis is carried out, which is needed to calculate 
the regional economic effects (Section 3.3.23 and 3.3.24) occurring in every activity 
listed in Figure 3.3.
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Table 3.1: Estimated costs in specific lifecycle stages for rooftop PV plants by power classes 

installed in 2014 (nominal values)27,28

Lifecycle Stage Activity
Power Class

<10 kW 10<100 kW >=100 kW

Installation

Planning €208/kW €170/kW €47/kW

Cabling €70/kW €68/kW €64/kW

Grid connection

(material costs)
€119/kW €17/kW29 €56/kW

Grid connection

(labour costs)
€51/kW €7/kW29 €24/kW

Mounting structure €160/kW €155/kW €145/kW

Installation €176/kW €147/kW €103/kW

Inverter €176/kW €144/kW €130/kW

Modules €624/kW €603/kW €566/kW

Installation total €1584/kW €1310/kW €1134/kW

27 For plants with a capacity above 100 kW, additional costs for management, leasing costs of the roof, 
etc. have to be considered. The assumed share of borrowed capital for plants with a capacity below 10 
kW is 50% (Hirschl et al., 2010), between 10 and100 kW 63%, and above 100 kW 75% (Kelm et al., 2014). 
For funding, an effective interest rate of 3% for a credit period of 20 years is assumed (KfW, 2015). The 
decommissioning stage includes the end-of-life activity uninstallation only. Because future material 
costs of the plant (e.g. mounting structure) exceed the decommissioning costs (Janzing, 2015) they 
are cost neutral to the plant operator.

28 (Sources: Installation costs: Kelm et al., 2014 and own calculations based on Reichmuth et al., 2011 for 
cables, grid connection and substructure; Operation costs: own calculations based on Schormann und 
Behrla, s.a. (maintenance), Christian Münch GmbH, s.a. (meter lease), Eggers s.a., (insurance), BMVBS, 
2011 (tax advisory services), Hirschl et al., 2010 (management and liability renumeration); Decom-
missioning costs: Kelm et al. ,2014 and own calculations based on Reichmuth et al., 2011 (operation 
excluding funding costs))

29 Total grid connection costs are €1,700 minimum
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Table 3.1: Estimated costs in specific lifecycle stages for rooftop PV plants by power classes 

installed in 2014 (nominal values) (continued)

Lifecycle Stage Activity
Power Class

<10 kW 10<100 kW >=100 kW

Operation

Maintenance €20/kW/a €20/kW/a €20/kW/a

Meter lease €40/a €40/a €40/a

Insurance €100/a
€25/a + 

€2.5/kW/a30

€25/a + 

€2.5/kW/a

Tax advisory - -
€3.9/a + 

€4.1/kW/a

Liability

renumeration
- - €1/kW/a

Management - - €13/kW/a

Roof lease - - €33/kW/a

Operation total
(€140 + 

€20/kW)/a

(€65 + 

€23/kW)/a

(€69 + 

€74/kW)/a

Decommissioning Decommissioning €176/kW €147/kW €103/kW

3.3.2.2 Cost analysis of PV systems
The starting point of assessing the effects that arise in the lifecycle stages of PV plants 
are the costs for the plant operator (see Table 3.1).

For the assessment, data should be highly disaggregated, i.e. every component and 
activity for different plant sizes with specific costs should be assessed (Table 3.1).

3.3.2.3 Effects during installation, operation, and decommissioning
The total number of plants installed in the region in 2014 is 280 plants with a total 
cumulative capacity of 3,724 kW (Figure 3.4). 227 plants with a capacity below 10 kW 
and with a cumulative capacity of 1,354 kW, 45 plants with a capacity ranging from 
10-100 kW with a total capacity of 1,208 kW, and 8 plants with a capacity above 100 
kW with a total capacity of 1,162 kW, have been installed.

30 Insurance costs are €100/a (year) minimum
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Figure 3.4: Number of plants and total installed capacity of plants installed in 2014 in the 

district of Aachen (Source: own calculations based on render, 2016)

Regarding the electricity generated by these plants, 900 full load hours that is a mean 
value for the Land North Rhine-Westphalia (LANUV, 2016) are used, since specific 
data for the region is not available. That value may be interpreted as a conservative 
assumption for the region, because natural conditions in the Aachen region are rather 
favourable in comparison to most parts of the Land (LANUV, 2013). By multiplying 
the installed capacity with the full load hours and the years of operation, the total 
electricity generated between 2014 and 2034 is 67,032 MWh.

After the cost analysis (Section 3.3.2.2) the regional economic impacts of the plants 
that have been installed in 2014 are calculated. As a precondition, costs for plant 
operators (Table 3.1) are interpreted as the revenues of suppliers. Figure 3.5 depicts 
the calculation of economic effects (i.e. enterprise profits, net income, and municipal 
taxes) for the assembly of all plants with a capacity below 10 kW.
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Figure 3.5: Calculation of profits, income, and taxes regarding the installation of rooftop PV 

plants with a capacity below 10 kW installed in 2014 in the district of Aachen (nominal values)

First, the revenues (1) and the regional share of enterprises (Section 3.3.2.1) are used to 
calculate the regional revenues (2) (Section 3.3.2.2). Next, industry specific values have 
been used to calculate the benefits of enterprises before taxes (3). These values have 
been derived from Deutsche Bundesbank (s.a.a) for financial institutions and Deutsche 
Bundesbank (s.a.b) for the other industries, by using a mean value of various years.

For enterprise taxes, national standardised taxes (corporate tax and solidarity tax31) (4) 
depending on the legal form of the enterprise are included. That was derived from the 

31 The solidarity tax is a tax that has been introduced in the 1990s to finance the German reunification 
(Bundesministerium der Finanzen, s.a.a).
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analysis of legal forms of local PV businesses, and locally different shares of trade taxes 
based on IT.NRW (2015). By subtracting the taxes from the enterprise revenues, the 
net profits of enterprises (5) are assessed. To assess the compensation of employees, 
industry specific values have been used (6).

For the employees’ taxes and charges (e.g. for health insurance) (7), income specific 
tax shares based on Bundesministerium der Finanzen (2016) have been used. 
Municipalities benefit from taxes so that a part of trade taxes (8) and a part of income 
taxes (9) are allocated by the municipality (10) (Bundesministerium der Finanzen, s.a.b). 
These calculations have been conducted for every activity and every power class of 
installed plants.

3.3.2.4 Calculation of effects during electricity generation
For electricity generation of PV plants in Germany, profits of plant operators have 
usually been calculated by multiplying the electricity generated with feed-in tariffs that 
are regularly published by the German Federal Network Agency (Bundesnetzagentur, 
2017a), which is also the case in comparable regional impacts studies like BMVBS (2011) 
or Bröcker et al. (2014).

The feed-in tariffs depend on the capacity of a plant and the larger the capacity, 
the smaller the fee in c/kWh for electricity fed in the grid is provided. Equation 3.1 
illustrates the calculation of the feed-in tariff for a 40 kW rooftop PV plant that is paid 
for 20 years of operation.

Equation 3.1: Feed-in tariff of a 40 kW PV plant that starts operating in July 2010 (Source: 

Clearingstelle EEG, s.a., modified)

Feed-in tariffs also depend on PV deployment in Germany over time. Tariffs decrease if 
the PV development path, determined by the Renewable Energy Act (EEG), is exceeded 
and increases if the installed capacity falls below.

Since 2012, feed-in tariffs for plants with a capacity below 30 kW (€0.24/kWh start 
of operation from January to March 2012, Clearingstelle EEG, s.a.) are lower than 

75% (share of capacity below 30 kW) x 34.05c/kWh (feed-in tariff for a plant 
capacity below 30 kW) + 25% (share of capacity ranging from 30-100 kW) 
x 32.39 c/kWh (feed-in tariff ranging from 30-100 kW) = 33.64 c/kWh
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electricity prices for consumers with an annual consumption between 2,500 kWh and 
5,000 kWh (€0.26/kWh in the first half of the year, Eurostat, 2015) that is a characteristic 
consumption for private households. Therefore, it is economically more efficient for 
plant operators to consume generated electricity and minimise overproduction, rather 
than to feed it into the grid and benefit from the feed-in tariff, especially since feed-
in tariffs decreased further. The feed-in tariff for a plant with a capacity below 10 kW 
starting to operate in January 2014 for example is €0.14/kWh (Clearingstelle EEG, s.a.). 
Therefore, PV operators do become so-called prosumers who produce and consume 
electricity (IEA-RETD, 2014).

The amount of generated electricity that can be consumed depends on several factors 
such as load management and consumer behaviour (von Bost et al., 2011). Storage 
systems, which also positively affect internal consumption of generated electricity, are 
disregarded because they are not sufficiently economically deployable in 2014 in most 
cases (Leipziger Institut für Energie, 2014). However, they should be taken into account 
in forthcoming studies, because of decreasing system prices (Sterner et al., 2015).

Kelm (2015) estimates potential internal consumption of PV plants of different power 
classes (Table 3.2). These may be higher or lower due to specific consumption patterns 
in individual cases, such as stated by SMA (2013) for non-private consumers, but 
provide an indication.

Table 3.2: Building typologies and internal consumption of typical PV power classes

Power Class Building Type Internal Consumption

<10 kW detached and semi-detached homes ≈ 30% on average

10-40 kW

apartment buildings, barns,

stables, small businesses, small administration 

buildings, schools

≈ 40% on average

40-100 kW

large apartment buildings, barns, stables, 

schools, administration buildings, trade 

buildings

≈ 40% on average

100-1,000 kW
large farming buildings,

large supermarkets, factory buildings
≈ 40% on average

(Source: Kelm 2015, modified)
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Following Kelm (2015), an amount of energy that is fed into the grid of 70% for rooftop 
plants with a capacity below 10 kW and of 60% for larger plants is estimated. The 
profitability of plants depends on the development of future electricity prices. To 
estimate future prices in Germany, the paper follows an energy market prognosis 
conducted by Schlesinger et al. (2014) (see Figure 3.6).
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Figure 3.6: Development of annual electricity prices in €/kWh (nominal values) for households 

(including value added tax), trade and industry (excluding manufacturing and energy intensive 

industries) (Source: Schlesinger et al. 2014, modified)

Following the building types in Table 3.2 and the derived consumer groups, the 
household electricity prices have been used as a reference to calculate the avoided 
electricity costs for plants with a capacity below 10 kW and the trade and industry 
prices as a reference for larger plants.

Since the introduction of the EEG 2014 in August 2014, the consumption of PV 
electricity is charged with a fee per kWh from consumers, except for plants with a 
capacity below 10 kW and an annual internal consumption below 10 MWh. The annual 
charge is estimated by following Schlesinger et al. (2014). A reduction of the charge 
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may be granted if the operator and the consumer of the plant is the same person 
(Bundesnetzagentur, 2016), which is integrated by following Bundesministerium der 
Justiz und für Verbraucherschutz (s.a.a).

The assessment of economic impacts for electricity generation is exemplified by a 80 
kW PV plant in the following Figure 3.7, which leads to revenues of €59,000 for the 
plant operator and municipal taxes of €7,000.32

Figure 3.7: Regional economic impacts of electricity generation of an 80 kW PV plant, installed 

in July 2014 in the district of Aachen (nominal values)

32 Due to individual revenues (e.g. the feed-in tariff depends on the date when the individual plant 
starts operating), calculations cannot be illustrated aggregated for a market segment as in the case 
of the activity installation (Figure 3.5) and have been conducted for every single plant that has been 
installed in the region in 2014 individually.

3
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3.3.3 Results
Table 3.3 depicts the regional value added and employment effects of plants installed 
in 2014. The lifecycle stages are illustrated by different frames representing installation, 
operation, and decommissioning.

These are the results of the calculation of the total regional value added of every 
economic activity with regional enterprises involved (Figure 3.3) as demonstrated 
in Figure 3.5 for the activity installation of plants with capacities below 10kW33 and 
in Figure 3.7 for an individual plant for the activity electricity generation, which is 
included in the aggregated result of electricity generation of plants with capacities 
between 10 and 100 kW.

Overall economic effects equate to €3,796,000 consisting of the components profits 
(€2,334,000), net income (€1,151,000), and taxes (€311,000). Most of the effects occur 
during operation between 2014 and 2034 with total effects equating to €2,999,000 
(€0.03/kWh for electricity generation and €302/kW for operation excluding electricity 
generation), followed by the effects during installation (€579,000) (€156/kW installed) 
and decommissioning (€217,000) (€58/kW decommissioned). The rather large 
proportion of effects during the operation depends strongly upon the effects of 
electricity generation that contribute to 62% of the effects during operation.

The highest share of effects is attributable to electricity generation with approximately 
€1,874,000, or 49% of total effects, of PV plants installed in 2014. Concerning the PV 
installation industry, total effects of €774,000 are generated, which represent the 
second highest share of effects regarding the industries. Approximately half of these 
effects (€339,000) arise during the operation stage. The other effects occur in 2014 
during installation and 2034 during decommissioning of PV plants. Effects arising 
concerning land (i.e. roof) lease represent the third highest share with €512,000, where 
€222.000 of the effects occur regarding private and €290.000 concerning public 
landlords. Other effects are between €200,000 and €100,000 except those regarding 
tax advisory and insurance services that are lower.

Employments effects are 16 full-time jobs in 2014 (4 full-time jobs/MW installed), 20 
person-years between 2014 and 2034 (0.06 person-years/GWh electricity generation 
and 4.3 person-years/MW for operation excluding electricity generation) (which is 
equal to one full-time job per year), and 7 full-time jobs (1.9 full-time jobs/MW installed) 
in 2034. Total employment effects are therefore 42 person-years.

33 Due to rounding effects, values vary slightly
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Table 3.3: Detailed overview about total regional value added and employment effects of PV 

plants installed in 2014 in the district of Aachen (in € nominal and person-years)

Industries Activities
Power 

Classes
Profits Income Taxes

Person-

Years

Planning 

Companies

Planning

0<10 kW 

(n=227)
20,803 66,407 7,739 2.0

10<100 kW 

(n=45)
15,167 48,417 5,642 1.5

>=100 kW 

(n=8)
4,032 12,872 1,500 0.4

Total 40,003 127,696 14,882 3.8

Financial 

Institutions

Financing

0<10 kW 

(n=227) 14,660 19,267 4,105 0.5

10<100 kW 

(n=45) 13,935 18,315 3,902 0.5

>=100 kW 

(n=8) 13,987 18,383 3,917 0.5

Total 42,582 55,966 11,924 1.5

Wholesale 

Companies

Trade of Plant 

Components

0<10 kW 

(n=227)
17,530 43,354 5,433 1.6

10<100 kW 

(n=45)
11,258 27,907 3,501 1.0

>=100 kW 

(n=8)
7,015 17,733 2,242 0.7

Trade of 

Maintenance 

Material

0<10 kW 

(n=227)
3,586 8,801 1,069 0.3

10<100 kW 

(n=45)
3,199 7,851 954 0.3

>=100 kW 

(n=8)
3,076 7,550 917 0.3

Total 45,664 113,197 14,115 4.2

3
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Table 3.3: Detailed overview about total regional value added and employment effects of PV 

plants installed in 2014 in the district of Aachen (in € nominal and person-years) (continued)

Industries Activities
Power 

Classes
Profits Income Taxes

Person-

Years

PV 

Installation 

Companies

Installation

0<10 kW 

(n=227)
13,528 77,753 5,508 3.2

10<100 kW 

(n=45)
10,079 57,932 4,104 2.4

>=100 kW 

(n=8)
6,791 39,034 2,765 1.6

Maintenance

0<10 kW 

(n=227)
17,217 98,958 7,011 4.1

10<100 kW 

(n=45)
15,359 88,278 6,254 3.7

>=100 kW 

(n=8)
14,769 84,889 6,014 3.5

Uninstallation

0<10 kW 

(n=227)
13,528 77,753 5,508 3.2

10<100 kW 

(n=45)
10,079 57,932 4,104 2.4

>=100 kW 

(n=8)
6,791 39,034 2,765 1.6

Total 108,143 621,563 44,034 25.9

Grid 

Service 

Companies

Grid 

Connection

0<10 kW 

(n=227)
10,014 10,206 2,576 0.3

10<100 kW 

(n=45)
3,327 3,391 856 0.1

>=100kWp 

(n=8)
5,710 5,819 1,469 0.2

Meter Lease

0<10 kW 

(n=227)
22,207 22,631 5,712 0.7

10<100 kW 

(n=45
4,402 9,545 4,486 0.3

>=100 kW 

(n=8)
783 798 201 0.0

Total 46,443 52,389 15,299 1.6
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Table 3.3: Detailed overview about total regional value added and employment effects of PV 

plants installed in 2014 in the district of Aachen (in € nominal and person-years) (continued)

Industries Activities
Power 

Classes
Profits Income Taxes

Person-

Years

Plant 

Operators

Electricity 

Generation

0<10 kW 

(n=227)
530,425 0 60,502 0.0

10<100 kW 

(n=45)
768,325 0 86,918 0.0

>=100 kW 

(n=8)
248,685 141,985 36,894 4.0

Total 1,547,435 141,985 184,314 4.0

Insurance 

Companies

Insurance

0<10 kW 

(n=227)
4,541 11,165 1,452 0.3

10<100 kW 

(n=45)
1,017 2,499 325 0.1

>=100 kW 

(n=8)
621 1,527 199 0.0

Total 6,179 15,191 1,976 0.4

Landlords
Roof Lease

>=100 kW 

(private)
200,151 0 21,740 0

>=100 kW 

(public)
290,460 0 0 0

Total 490,611 0 21,740 0

Tax 

Advisory 

Companies

Tax Advisory
>100 kW 

(n=8)
7,081 22,605 2,634 0.7

Total 2,334,140 1,150,593 310,918 42.2

Installation O&M Decomissioning

Most of the employment effects arise in the PV installation industry with approximately 
26 person-years, or 62% of the total employment effects. Other employment effects 
are relatively lower. The comparison of income and employment effects shows that 
relatively high employment effects per total income occur in the PV installation 
industry. That is due to lower employment compensation compared to other 
industries. Therefore, there is a need to provide additional information about the 

3
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calculation of the effects, like providing the average income in the specific industries 
where the employment effects occur.

Complementary to Table 3.3 that depicts the total aggregated value added of the 
plants installed in 2014, Table 3.4 illustrates further characteristics of the sample. The 
minimum value added ranges from €-413 for a 1.3 kW plant to €211,986 for a 180.0 
kW plant. For smaller plants, fix costs of plants have a greater impact on the profits 
of plant operators than for larger plants which negatively affects the profits of plant 
operators and conclusively the value added which explains the negative result of the 
1.3 kW plant. According to the used model and data, system capacities’ should be 
minimum 2.5 kW for a profitable operation.

Table 3.4: Minimum, maximum, and mean regional value added of PV plants in the power 

classes

Power 

Class

Mean value

added

Minimum value

added

Maximum value

added

0<10kW €5,125 (6.0 kW) €-413 (1.3 kW) €10,189 (9.84 kW)

10<100kW €28,686 (26.9 kW) €10,690 (11.4 kW) €98,709 (99.5 kW)

>=100kW €162,838 (145.2 kW) €128,295 (114.4 kW) €211,986 (180.0 kW)

Conclusively, it can be stated that the greater the capacity of plants, the higher are 
the regional economic effects.

The estimated municipal tax revenues from the deployment of PV in 2014 totaled 
€56,000, represent 0.01% of the total municipal share of income-, and trade taxes 
in the district of Aachen (IT.NRW 2017a). Noted, however, that corporate taxes are 
included in the taxes in the district and only the plants installed in 2014 are recorded. 
The total municipal tax effects of the facilities installed in 2014 yield €311,000 over their 
presumed lifetime from 2014 to 2034, representing 0.07% of the share of income- and 
trade tax in 2014.

The results show 16 fulltime jobs in 2014 which is 0.008% of the total employment in 
June 2014 in the district of Aachen (IT.NRW, 2017b). If all effects related to the plants 
installed in 2014 were supposed to occur in 2014 it would be 0.02% of total employment 
in the region. In comparison to the employment effects of the open lignite mine Inden 
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and the power plant Weisweiler in 2009 (approximately 2,672 employees34) the total 
effects of PV plants installed in 2014 account for a share of 1.6% of employment effects. 
The lignite industry accounts for 0.2 jobs per GWh electricity generated, whereas PV 
developments lead to 4.8 jobs per GWh electricity generated in 2014 in the region.

As the generation of electricity by PV may lead to a crowding out of conventional 
power generation, this may have an effect on the regional economy which relies on 
the lignite industry. According to Memmler et al. (2014, based on Klobasa and Sensfuß, 
2013), PV substitutes 3% of electricity generated by lignite. Therefore, the generation of 
electricity leads to a substitution of 101 MWh electricity generated by lignite per year. 
This implies only marginal negative employment effects of 0.01 less employees .35

3.3.4 Comparison of the results to other studies in the field
To compare the results to existing work in the field, studies that carried out a 
comparable analysis of effects of PV plants in German regions, examining a regional 
value added, consisting of profits, income and regional taxes have been chosen. 
Studies’ results on an international level such as Simons and Peterson (2001) or 
Bezdek (2007) are illustrated more aggregated, which does not allow to evaluate the 
impacts in the specific lifecycle stages and the assessed regional economic effects 
vary regarding the indicator regional value added as defined and evaluated in this 
paper, which hinders a comparability.

Bröcker et al. (2014) assessed the value added for the Land Schleswig-Holstein taking 
taxes into account which occur on Land level as well, whereas the other studies regard 
taxes on municipal scale only, which leads to lower taxes and therefore to a lower 
regional value added. BMVBS (2011) define the costs for activities in the operation 
stage as income costs and material costs and define all income costs as incomes of 
employees, without differentiating between employee income and profits and taxes 
of enterprises, while the latter two components of the value added are not calculated 
for the operation stage (BMVBS, 2011), which leads to a relatively high value added 
as well. The studies’ results are illustrated for the stages installation, operation (while 
displaying the activity electricity generation separately) and decommissioning.

34 Employment effects of RWE Power AG have been evaluated by multiplying the employees of RWE 
Power AG in the lignite mine Inden and the power plant Weisweiler (1,600 employees according to 
RWE Power AG, 2009) by an average employment multiplier for the Rhenish lignite mining region 
(1.67 in 2009) according to EEFA, 2010.

35 In this calculation, a linear correlation between the 1,600 RWE employees in 2009 and the electricity 
generated in 2014 (15.3 TWh) has been assumed.

3



112

 Chapter 3

Because of different cost structures (Table 3.1), only small PV plants (0-10 kW) that are 
usually installed on top of, for instance, single family homes (Table 3.2) are considered. 
Bröcker et al. (2014), Hirschl et al. (2010), and BMVBS (2011) distinguish between two 
types of rooftop PV plants - small and large. A differentiation between three power 
classes for rooftop PV plants as in this paper has not been made, which is of course 
dependent upon available cost data.

Hirschl et al. (2010) explore the potentials by assuming a 100% regional share of 
activities taken over by enterprises in a region (i.e. a community in Hirschl et al. (2010)), 
BMVBS (2011) and Bröcker et al. (2014) assume individual shares for activities executed 
by regional enterprises. In the Aachen region, regional shares are assumed as well and 
the regional economic potentials are explored first by identifying individual enterprises 
in the region, which has not been done by another study to such an extent.

After harmonising data assessments,36 results of the installation stage range between 
€207 and €412 per kW in this stage (Table 3.5). The differences in the results are mainly 
explicable because of differences in costs for plants which have dramatically decreased 
along past years. Whereas Hirschl et al. (2010), for example, assumed prices of €1,566€/
kW for modules and €331/kW for inverters, prices for the Aachen region were assumed 
as €624/kW for modules and €176/kW for inverters. Furthermore, the plant assembly 
costs vary from €304/kW Hirschl et al. (2010) to €176/kW (own results) which may be 
explicable due to learning effects of installation companies.

For the operation stage, all authors assume a lifetime of 20 years. The results in Table 
3.5 illustrate the total effects per kW for 20 years of operation. BMVBS (2011) did not 
include the value added of the activity financing, because they classified it as the 
direct effects occurring during electricity generation, which is included into the 
operation stage (Figure 3.3) for the Aachen region. Moreover, total interests have 
been interpreted as a component of regional value added without considering a 
disaggregation of interests into taxes of banks, income of employees, or further costs 
of banks, which leads to a relatively high value added for operation. Results vary 

36 Hirschl et al. (2010) and Bröcker et al. (2014) summarised the wholesale of modules and inverters 
under their defined stages ‘investment’ or ‘plant components’ that include manufacturing of modules 
as well. As for the Aachen region, the results for wholesale of modules and inverters are integrated 
into the installation stage. Manufacturing of installation material as included by Hirsch et al. (2010) is 
excluded.
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between €179/kW (Aachen region)37 and €2,366/kW (Bröcker et al., 2014) in this stage. 
Differences are explicable by decreased maintenance material costs (Hirschl et al., 2010 
and this paper’s results), additional cost positions and methodological differences.38

For electricity generation, value added depends on capacity, as well as on the full 
load hours of the plant varying with location (800 h (Schleswig-Holstein) to 934 h 
(Nordschwarzwald)). Value added is illustrated in € per kWh electricity generated, in 
order to account for the different locations. Regarding the results one sees significant 
differences. They are partly explicable because of different costs for installation and 
operation which have an impact on the profits (and therefore taxes) of operators. 
Other important aspects are the global irradiation potentials of the regions and the 
decrease of feed-in tariffs. Whereas Hirschl et al. (2010) calculated with a feed-in tariff 
of €0.4301/kWh according to EEG 2009, Bröcker et al. (2014) calculated with an average 
feed-in tariff of €0.1529/kWh according to EEG 2012, which is almost three times less 
than the feed-in tariff of Hirschl et al. (2010). The fact, that operation costs in Hirsch et 
al. (2010) are lower than in all other studies (except for this study) explains why their 
value added in electricity generation is much higher than in other studies. Bröcker 
et al. (2014) is the only study where a negative value added concerning the activity 
electricity generation is presented. This is due to the relatively high costs for operation, 
and that benefits of operators were assessed the by taking the profits generated by 
feed-in tariff only into account, which is lower than the electricity prices in 2012, and 
not considering internal consumption.

The stage decommissioning is only taken in this study into account, whereas a regional 
value added for the activity uninstallation have only been assessed in the Aachen 
region.

37 The difference between €179/kW for small plants between 1-10 kW and €302/kW for PV plants in 
general (Section 3.3.3) are explicable because the latter include tax advisory services and roof lease 
for PV plants above 100 kW.

38 Bröcker et al. (2014) and BMVBS (2011) included tax advisory services in their calculations, which have 
not been considered in Hirschl et al. (2010) and this paper’s results for small PV plants. Bröcker et al. 
(2014) included the costs for e.g. retrofitting requirements which are not included in other studies 
and assume a relatively high value added for maintenance (~6 times Hirschl et al., 2010). The relatively 
high values of BMVBS (2011) are due the interpretation of interests as component of value added.

3
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Table 3.5: Total regional value added of PV plants (0-10 kW) in different studies in €/kW installed 

capacity and in €/kWh electricity generated

Region
NUTS

Level

Instal-

lation 

€/kW

Operation
Decommis-

sioning

€/kW

SourceOperation 

€/kW

Electricity 

Generation 

€/kWh

Friesland NUTS 3 - 1,296 0.055 -
BMVBS 

(2011)

Nordschwarz-

wald

Four 

aggregated

NUTS 3 

regions

- 1,296 0.056 -
BMVBS 

(2011)

Hannover NUTS 3 - 1,296 0.040 -
BMVBS 

(2011)

Trier NUTS 2 - 1,296 0.051 -
BMVBS 

(2011)

Schleswig-

Holstein
NUTS 1 412 2,366 -0.078 -

Bröcker 

et al. 

(2014)

Municipalities 

in Germany in

General

LAU 2 357 330 0.120 -

Hirschl 

et al. 

(2010)

Städteregion

Aachen
NUTS 3 207 179 0.024 71

This 

Paper

(Source: own calculation and aggregation based on BMVBS (2011), Bröcker et al. (2014) and 

Hirschl et al. (2010), nominal values)

In summary, the comparison of the studies’ results shows the dynamics in the German 
PV market regarding decreasing system costs and changes in business opportunities 
for operators (feed-in tariff vs. PV electricity consumption). The positive regional value 
added is decreasing because of lower system costs and learning effects. Furthermore, 
lower system costs do not compensate the losses in value added for operators because 
of decreasing feed-in tariffs. Nevertheless, profits for operators are supposed to rise 
in the future because of further decreases of PV plant component prices (Schröder 
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et al., 2013) and increasing electricity prices (Figure 3.6) making investments into PV 
more attractive.

3.4 Estimating the impact of PV on avoided 
greenhouse gas emissions and air pollution

3.4.1 Avoided GHG emissions due to PV deployment
As a climate mitigation strategy, it is aimed achieve a reduction of CO2 emissions of 
40% until 2020 and 80% by 2050 in the Aachen district (StädteRegion Aachen, 2011).

To include total emissions of energy generation systems, a lifecycle assessment (LCA) 
may be used to calculate the emissions of a product (e.g. PV) during the whole product 
lifetime from the extraction of material, manufacturing, usage, till waste management 
(Rebitzer et al., 2004). A compilation of LCA assessment studies that includes PV has 
been done by for example Sherwani et al. (2010), Nugent and Suvacool (2014), Louwen 
et al. (2015), and Turconi et al. (2013).

In this paper, data of avoided emissions due to PV deployment in Germany has been 
evaluated by the Federal Environmental Agency, using a LCA approach (Memmler 
et al., 2014). GHG emissions of PV plants may be slightly underestimated because 
emissions during plant operation and emissions regarding the plant components 
inverters and cables are neglected (Memmler et al., 2014). As data for 2014 was not 
available, data of 2013 is used. In 2013, GHG emissions of PV deployment are estimated 
at 55 gCO2-eqivalents (eq)/kWh (Memmler et al., 2014). Comparing these emissions 
with values from different studies, Nugent and Suvacool (2014) calculated a mean of 
49.9 gCO2-eq/kWh in a comprehensive literature analysis.

Avoided emissions depend on the substitution potentials of a technology. In case 
of PV, due to fluctuating feed-in because of day and night and seasonal differences, 
mostly hard coal and natural gas power generation may be substituted (Memmler et 
al., 2014). Avoided emissions in 2013 are estimated 761 gCO2-eq/kWh (Memmler et al., 
2014). Subtracting the emissions of PV deployment leads to net avoided emissions of 
706 gCO2-eq/kWh. Although, emissions, generated by PV systems occur not equally 
distributed during their lifetime because component manufacturing takes place in or 
before 2014, an equal distribution is assumed in order to estimate the emissions of PV 
per year. Following the assumptions regarding electricity generation by PV plants in 
the region (see Section 3.3.2.3), the net avoided GHG emission potential of PV of the 
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plant sample would be 2,365 tCO2-eq in 2014, if all plants had been installed before 
the beginning of the year. CO2 only makes 2,194 (93%) of emissions.

In order to estimate the economic benefits of non-emitted GHGs the paper follows the 
European Environmental Agency (EEA, 2014), using the market price of the European 
Union (EU) European Emission Trading System (ETS) and, secondly, the social cost 
of carbon (SCC). The mean value of for a ton of CO2 traded at the European Energy 
Exchange (EEX) in 2014 is €5.42 (calculations based on European Energy Exchange 
AG, 2017).

The economic value is €11,891 (€0.004/kWh electricity generated) in 2014 which is 
calculated by multiplying the avoided CO2 with the ETS allowance price. As the ETS 
price varies widely and decreased very much in recent years (Koch et al., 2014), the 
SCC approach is presented as a second method.

Social cost of carbon estimate the “economic cost caused by an additional ton of 
carbon dioxide emissions” (Nordhaus, 2014:273). The SCC estimates the avoided 
damage (or external) costs due to the mitigation of a ton of GHG today by taking future 
damage costs into account, based upon assumptions on climate change effects (EEA, 
2014). SCC includes a growth rate for “marginal damage costs” (Tol, 2013:913), meaning 
that costs increase within time (Ackerman and Stanton, 2012; Bateman et al., 2014).

Estimating a value for the SCC, it can be referred to a comprehensive review by Isacs 
et al. (2016) who present a lower and a higher value of the SCC. The lower value (€5.8 
per ton CO2 in 201439) consists of a mean global estimate, based on calculations of Tol 
(2013). This price, which is comparable to the ETS price is lower than in other studies 
and can therefore be seen as a value based on assumptions including relatively “low 
climate sensitivity, less importance of future generations compared to current […], 
and less risk concern“ (Isacs et al., 2016:45).

Higher SCC estimations are based on “high climate sensitivity, an equally important 
weight put on future generations as that of the current […], and the inclusion of 
possible catastrophic climate change” (Isacs et al., 2016:45). Following the higher 
estimations by Ackerman and Stanton (2012) in Isacs et al. (2016), yields to costs of 

39 Isacs et al. (2016) present a value of €6.1 per tCO2 in 2015 which they calculate based on Tol (2013) 
and Bateman et al. (2014). To calculate the SCC value for 2014, a damage growth rate of 2.3% p.a. as 
presented by Tol (2013) and an inflation rate of Germany based on OECD (2017b) to calculate 2014 € 
prices is used.
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€698 per ton of CO2 in 2014.40 To take the range of SCC values into account van den 
Bergh and Botzen (2014) present €94 per ton CO2 in 201441 as a threshold which can be 
“considered a realistic and conservative value” (van den Bergh and Botzen, 2014:256). 
This is, therefore, used in the calculations of the SCC value. Taking the emissions of 
PV systems into account, leads to a SCC value of €206,220 (€0.06/kWh electricity 
generated).

The variables influencing the value are hard to quantify and may alter in the future 
(Isacs et al., 2016). Nevertheless, the SCC values illustrate a range of occurring damage 
costs which are dependent upon potential future developments.

3.4.2 Avoided air pollutant effects and their economic impact
Conventional energy generation induces air pollution effects which lead to negative 
effects for the environment and provokes negative health effects like lung- or 
cardiovascular damages (Remais et al., 2014). Preiss et al. (2013) for instance estimate 
annual negative effects of 33,000 years of life lost (YOLL) and 700,000 working days 
lost (wdl) because of 67 coal power plants operating in Germany in 2010.
Concerning the spatial dispersion of effects, there are different levels of damages 
in different countries due to the reason that ecosystems or the population density 
and the emitters of air pollutants are not equally distributed and there are therefore 
regions which are more or less affected. Moreover, effects and damages vary upon 
the diffusion of the emissions and “differences in atmospheric chemistry (such as 
chemical transformation rates)” (EEA, 2014:26) which depends on the position of the 
emission source. Additionally, specific emissions tend to diffuse in the direction of 
the sea, which has a more severe impact on countries with access to the sea than for 
countries without a coastline (EEA, 2014). Therefore, there is a need to assess the effects 
of emissions at least country specific.

As for GHG emissions, the paper follows Memmler et al. (2014) to assess the amount 
of avoided pollutants due to PV deployment in the region of Aachen to rely on a 
consistent methodology for all avoided emissions. In 2014, the avoided emissions due 
to PV deployment in the region of Aachen (Table 3.6), account for 1.48t Nitrogen oxides 
(NOx) per year, 0.97t Sulphur dioxide (SO2) per year, and 0.07t Non-methane volatile 

40 Isacs et al. (2016) illustrate costs of €724 per tCO2 in 2015, based on the estimations Ackerman and 
Stanton 2012. To calculate a value for the year 2014, the growth rate of damage costs per year (1.7%) 
and the inflation rate for Germany based on OECD (2017b) are integrated.

41 The original value of $125 per tCO2 of van den Bergh and Botzen (2014) has been transformed into € 
by using the mean exchange rate of 2014 (Deutsche Bundesbank, 2017).
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organic compounds (NMVOCs) per year. On the other hand, PV deployments induce 
emissions of dust (0.02t per year) and (3.64t per year) of Carbon monoxide (CO).

Monetising costs of pollution due to these emissions, data for Germany provided 
by EEA (2014) that assessed the damages due to air pollution by European industrial 
facilities from 2008 to 2012 is used.

The economic effects of air pollutants are expressed in the value of a life year (VOLY) 
and a value of a statistical life (VSL), which is higher than the VOLY. VOLY expresses the 
damaging costs dependent upon the life expectancy (in YOLLs), whereas deaths of 
younger human beings are more weighted than deaths of elder human beings. The 
VSL expresses people’s willingness to pay (wtp) for a decrease of the threat of health 
damages (EEA, 2014).

By taking the emissions of PV plants into account, a VOLY of €32,000 (€0.01/kWh 
electricity generated) in 2014 is calculated. The VSL of €95,000 (€0.028/kWh electricity 
generated) is approximately three times higher.

Table 3.6: Avoided air pollution and economic valuation in 2014

Substance
Net avoided

 air pollution (t)

 VOLY 

(€/t)

VSL 

(€/t)

Economic value

of avoided air 

pollution (€) 

(VOLY)

Economic value 

of avoided air 

pollution (€) 

(VSL)

SO2 0.97 21,316 64,684 20,610 62,542

NOX 1.48 7,666 21,431 11,369 31,786

NMVOCs42 0.07 2,126 5,366 144 364

Total 32,123 94,691

(Source: own calculations based on Memmler et al. (2014) (emissions) and EEA (2014) (economic 

assessment43))

It should be considered that these benefits do not all occur in the Aachen region, as it is 
hard to map the spatial distribution of emission reductions due to PV, since the power 
grid is integrated. Hence, emission reductions may take place outside the region.

42 EEA (2014) include secondary organic aerosols (SOA) into NMVOCs as well, whereas it is not clear 
whether they are included in the calculations of Memmler et al. (2014).

43 The values of EEA (2014) were originally in 2005 €, which have been converted using an inflation rate 
for Germany based on OECD (2017b).
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3.5 Conclusions and policy implications
The results of the supply chain analysis in the region illustrate overall economic effects 
of €3.8 million, which include the components profits (€2.3 million) net incomes (€1.2 
million), and regional taxes (€0.3 million). The regional economic effects are €1,019 
per kW for the installed plants with a total cumulative capacity of 3,724 kW and €57 
per MWh electricity generated with a total electricity generation of 67,032 MWh.

In 2014, the regional value added accounts for €729,000 (€196 per kW, €218 per MWh) 
the benefits of avoided CO2 are €12,000–206,000 (€3-55 per kW, €4-62 per MWh) and 
the benefits of avoided air pollution range from €32,000 to €95,000 (€9-25 per kW, 
€10-28 per MWh). Total effects range from €773,000-1,030,000 (€208–277 per kW, €231-
307 per MWh). Employment effects are 16 person years (0.004 person years per kW, 
0.005 person years per MWh) (Table 3.7).

Table 3.7: Economic effects of plants installed in 2014 in €, €/kW, and €/MWh in 2014

Indicator Component Total in € €/kW €/MWh

Value Added

Profits 234,181 63 70

Income 439,078 118 131

Taxes 56,095 15 17

Avoided CO2 CO2 11,891-206,220 3 -55 4-62

Avoided Air

Pollution

SO2 20,610-62,542 6-17 6-19

NOx 11,369-31,786 3-9 3-10

NMVOCs 144-346 0.04-0.1 0.04-0.1

Total 773,367-1,030,247 208-277 231-307

The applied supply chain approach is a useful method to evaluate the effects of 
regional renewable energy deployments, because it is illustrative and easily adaptable 
when specific cost structures are available. As the benefits for specific economic 
actors are illustrated very detailed, the approach is beneficial for organisations like 
industry associations to evaluate the benefits for specific industries. Moreover, these 
assessments support RES, as demonstrating the benefits of renewable energies to 
decision makers may lead to increasing developments of RES. In comparison to other 
studies, data for three different power classes of PV systems has been used, taking the 
different cost structures of various plant classes into account which makes this paper’s 
analysis more precise, than using two power classes only. The quality of assessments 
depends on the availability of current data. It is therefore needed, to continuously 
assess data of the costs developments of the PV industry on a high disaggregation 
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level. Moreover, there is a need to study the regional effects of PV on an international 
level, as such regional impact assessments have rarely been conducted outside 
Germany.

Most of the effects are due to operation (approximately half of the total effect). The 
profits of plant operators depend mainly on the (self-)consumption of generated 
PV electricity. Higher consumption may be achievable by a more efficient load 
management or storage systems, which are expected to be economically deployable 
in the future. The ongoing integration of renewable energy prosumers in the electricity 
market is a threat to traditional business models of established incumbents like 
traditional power supply companies. Therefore, there is need for research to define 
the role of power supply companies in the future energy market.

Taking into account the external benefits of avoided GHGs and air pollution and 
monetising them is a suitable approach for making benefits illustrative for decision 
makers. Especially for external costs there is a need for research to realistically estimate 
the costs of future damage costs and to integrate them in assessments. However, 
the success of a regional energy transition depends on many other issues as the 
motives of regional stakeholders, legal situation, acceptance of RES, etc. In that case, 
interdisciplinary research which combines economic findings with outcomes from 
other disciplines may be beneficial.

Finally, the development of PV is only a component of a regional energy transition as 
an analysis of the regional potential shows up that rooftop PV is unable to fully cover 
the region’s electricity demand. Therefore, in an overall analysis of a region’s energy 
demand and supply options there is a need to integrate other energy sources, as well 
as flexible demand and storage potentials for volatile energy sources such as PV or 
wind power (Perez-Arriaga and Batlle, 2012). This also has economic effects, which 
are not explicitly considered in this study. Further analyses may, however, use data 
of individual studies like this as a component to study the overall effect of a regional 
energy transition in an integrated approach.
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Abstract
Wind power is an important technology in the transition towards a low carbon 
economy. This paper covers the regional impacts of wind power developments in 
a small German region. Wind power developments with a cumulative capacity of 
63.1 MW which have been installed in 2017 in the Aachen region, generating 3,901 
GWh electricity from 2017 to 2037 lead to a regional value added of €50.8 million 
(or €805/kW). The avoided greenhouse gas emissions are 132,770 tCO2-equivalents 
in 2017 and the total economic impacts of value added, avoided greenhouse gases 

and air pollution ranging from €20.9 to €24.6 million (€332-389 per kW or €107-126 
per MWh electricity generated) in 2017. From an environmental economic view, the 
generation of wind power is the most beneficial electricity generation technology in 
comparison to PV and lignite.
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4.1 Introduction
As acknowledged by most climate scientists, climate change, which has significant 
negative effects on the environment, is caused by the emission of greenhouse gases 
(GHG) such as carbon dioxide (CO2) (NASA, 2017). Therefore, the avoidance of GHG, 
which has been adopted by international treaties such as the Kyoto Protocol and most 
recently by the Paris Agreement, is one of the main present and future societal targets 
and challenges (UNFCCC, 2014).

As most GHGs are emitted by the energy sector (IPCC, 2014) there is especially a need 
to reduce emissions in this sector by the exploitation of renewable energy sources 
(RES).

In terms of installed capacities, wind power is, after hydro power, the most important 
renewable energy technology, whose significance is expected to increase in the future 
(REN21, 2018) and may therefore be regarded as a significant contributor to a lower 
carbon energy system.

However, the energy transition to a low carbon energy system has not only positive 
impacts. Critics point out for example job losses in conventional energy industries (dpa, 
2014) and regions where conventional energy carriers play a significant role, such as the 
Rhenish lignite mining area (EEFA, 2010), are particularly affected. Nevertheless, there 
are opportunities for a more sustainable regional development that encompasses 
environmental and socioeconomic concerns (Hopwood et al., 2005), even in regions 
that historically relied heavily on fossil fuels. These chances should be quantified to 
realistically estimate future economic opportunities in regions such as the district of 
Aachen (German: Städteregion Aachen), which historically relied on coal, still mines 
lignite, and finds itself in a transformation process to a low carbon energy system. 
Indeed, studies of this sort have policy relevant implications, for instance in Germany, 
where the envisaged phasing out of lignite in 2035 is expected to impact all regions 
currently relying on fossil fuel industries (Kommission Wachstum, Strukturwandel und 
Beschäftigung, 2019). The region may, therefore, be representative for a region relying 
on fossil fuel industries. There are other regions in a similar situation and each one 
should be studied individually, due to the local situation.

The aim of the paper is therefore to comprehensively show the current regional 
economic and environmental effects of developing RES like wind power and 
comparing these to conventional energy generation technologies. While a number 
of studies have looked at the economic implications of wind power development at 
the regional level, only a few take into account both economic and environmental 

4



126

 Chapter 4

effects. Yet, illustrating both dimensions at the regional level is extremely important 
from a policy perspective, as in most countries, regional and local governments (e.g. 
states, provinces, or municipalities) are key decision makers in the energy transition. 
In more details, Jenniches and Worrell (2019) find that most studies covering regional 
economic impacts of renewable energies purely focus on economic effects and do 
not take into account further effects such as the positive impacts of avoided emissions 
(GHG or air pollution), which may be referred to as positive externalities. Exceptions 
are Madlener and Koller (2007), Stoddard et al. (2006), or Bost et al. (2012). Evaluations 
mostly conclude with a quantification of the emissions and a monetary valuation of 
effects is not integrated (an exception is Simons and Peterson, 2001). Most studies in 
the field, moreover, present a simple substitution of one energy carrier by wind power 
without taking into account the effects of the integration of wind power on the actual 
electricity generation mix (Novan, 2015). On the contrary, the positive externalities 
of renewable energy generation on avoided emissions should also be integrated as 
a contribution of a region to climate change mitigation. This is especially relevant in 
regions where fossil fuel generation takes place and a compensation of the negative 
effects of the transition is strongly required due to a regional responsibility (Chen 
and Chen, 2011; Kinzig and Kammen, 1998) and from a sustainable development 
perspective (Dincer, 2000). In fact, a valuation of these effects enables a hands-on 
quantification showing the positive aspects of RES for all regional stakeholders (e.g. 
politicians, end-users, and businesses) in comparison to fossil energy generation 
technologies.

Consistently, this paper presents a comprehensive analysis of the regional economic 
effects of wind power deployment, supplemented by the estimation of the monetised 
positive impacts of avoided emissions, based on the current energy mix. As the market 
evolves quite dynamically in terms of technological and economic development 
(Deutsche Windguard, 2015), an up-to-date assessment is carried out in the paper by 
evaluating developments for the most recent year (2017).

Moreover, the paper assesses the current benefits of wind power and PV compared 
to lignite. Such a comparison is at the center of recent discussions about the future of 
lignite in the German energy system, as regional stakeholders decide on developments 
in their regions (Schmidt-Mattern, 2018).

The paper is structured as follows: After the introduction (Section 4.1), the 
characteristics of the analysed region with a special emphasis on the energy system are 
introduced (Section 4.2). Section 4.3 introduces the method to evaluate the economic 
impacts of RES in regions, which is then applied to the Aachen region. Section 4.4 
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assesses the monetary value of environmental benefits of wind power developments, 
while the concluding section discusses the findings and provides a comparison on 
the benefits of the renewable energy technologies wind power and PV to the fossil 
energy carrier lignite.

4.2 Characteristics of the region and wind 
power developments
The district of Aachen is situated in the West of Germany (Figure 4.1) in the federal 
state North Rhine-Westphalia.

Figure 4.1: Location of the district of Aachen in Europe (left) and neighbouring territorial 

units (right) on NUTS 3 level (Source: Jenniches and Worrell, 2019, modified; map data sources: 

Eurostat, s.a.a)

Regarding its historic development, energy is deeply rooted in the regions’ 
socioeconomic DNA.44 In the North of the region, black coal was exploited until 1997, 
when the last coal mine was closed (Bergbaumuseum Grube Anna, s.a.). Mining and 
fossil energy carriers still play a significant role in the region, which is part of the 

44 The following description of the historical and current role of energy in the region is based on Jen-
niches and Worrell (2019).
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Rhenish lignite mining area. There is for example the lignite mine Inden45, whose 
resources are exploited for the generation of electricity in the lignite power plant 
Weisweiler which is scheduled to close in 2030 (RWE Power AG, s.a.). The work force of 
the lignite mine Inden and the power plant Weisweiler amounted to 2,672 employees 
in 200946, demonstrating the regional economic significance of the lignite industry.

In terms of renewable energy (RE) developments, the region can be considered an 
early mover. Indeed, the Aachen model (German: Aachener Modell) of cost covering 
feed-in tariffs for renewable energies, which has been introduced in the 1990s in the 
region, is considered as the predecessor to the German feed-in tariffs regulation of 
the Renewable Energies Act (EEG) (Solarenergieförderverein e.V. et al., s.a.; Agentur 
für Erneuerbare Energien, 2014a).

By the end of 2017, a cumulative capacity of 201 MW of wind power has been installed 
in the region (Figure 4.2, left).

In a German-wide comparison, higher dynamics took place between the mid-1990s 
and 2003 in the district of Aachen. This may be explicable by the introduction of the 
feed-in tariff (Figure 4.2, right). After 2003, the dynamics in the region are almost 
comparable to the dynamics in Germany. In 2017, the region became more dynamic 
once more, which is explained by a change in the compensation system that nudges 
operators to install wind turbines until the end of 2018 (Section 4.3).47

45 The lignite mine is situated partly in the municipality of Eschweiler in the East of the region.
46 Employment effects of RWE Power AG have been evaluated by multiplying the employees of RWE 

Power AG in the lignite mine Inden and the power plant Weisweiler (1,600 employees according to 
RWE Power AG, 2009) by an average employment multiplier for the Rhenish lignite mining region 
(1.67 in 2009) according to EEFA (2010).

47 Nevertheless, large-scale developments like the installation of numerous wind plants in a wind power 
park that have - especially in small-scale regions - a significant impact on the development dynamics 
are installed in specific years and not developed constantly over time. Due to regulatory restrictions 
(zoning, availability of suitable space, etc. ), the development dynamics of wind power evolve differ-
ently than other RES technologies like for example PV which develops quite linearly in the region (see 
Jenniches and Worrell, 2019).
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Figure 4.2: Cumulative installed capacity of wind power in the district of Aachen from 1993-

2017 (left) (Source: render, 2016; Bundesnetzagentur, 2018) and wind power developments 

in comparison to Germany from 1993-201748 (right) (Source: data compilation by BMWi, 2016; 

Deutsche Windguard, in BWE, 2017)

4.3 Regional economic impacts of wind power

4.3.1 Selection of an assessment methodology
According to Jenniches (2018), most regional economic impact assessments of RES use 
employment ratios, Input-Output (IO) models, or supply chain analyses.

While the first method is not suitable to explore other factors besides employment, 
an IO model is an overall economic impact assessment tool (Leontieff 1936; 1951). It 
demonstrates the interactions of different industries in an economic system, illustrated 
in direct economic effects due to economic activities in an industry and indirect effects 
on suppliers of that industry. One of the challenges is the amount of data used to 
create an IO model. Unfortunately, regional IO tables (RIOTs) are not available for 
regions in Germany and would have to be derived from higher level (for example 
national) data (DIW, 2014a) or constructed by surveys (Coon et al., 1985). Nevertheless, 
statistical derivation from larger scale IO models lacks precision on a small regional 
scale (BMVBS, 2011).

48 Due to issues of illustratability, a logarithmic scale has been used, which has to be taken into account 
when comparing the different developments in Germany and the district of Aachen. The plant in-
stalled in 1993 was a small plant of only 0.05 MW. Therefore, the changes from 1993 to 2017 occur 
much higher than in the case of Germany in the illustrated Figure 4.2 where an index has been used.
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Supply chain analyses also evaluate flows of goods and services, whereas the starting 
point of analysis is not the whole economic system, but a specific end product. For this 
product, the effects in different stages of the supply chain are evaluated.49

In this sense, a supply chain analysis meet the evaluation’s needs.50 Moreover, as Llesa 
et al. (2013) state, the advantage of analytical methodologies like the value chain 
approach is that that they are more easily to reproduce than IO models because the 
effects of significant variables are more comprehensible. This supports the validity of 
the results and makes a comparison of results easier (Section 4.3.5).

The supply chain analysis approach, which has been used by Hirschl et al. (2010) and 
Finus et al. (2013) in similar studies, which this paper follows methodologically, may be 
categorised as a bottom-up method to assess regional economic impacts. A detailed 
overview about the calculations is presented in Section 4.3.3. For a comparable 
study concerning the procedure in the district of Aachen see Jenniches and Worrell 
(2019) for PV. By applying this method, the regional value added according to the 
definition of Hirschl et al. (2010) and Bröcker et al. (2014) is assessed consisting of the 
components post tax revenues of enterprises, net income of employees, and regionally 
(i.e. municipally) raised taxes. Moreover, the number of full-time employees in the 
different industries is assessed in person years.

4.3.2 Lifecycle analysis and estimation of economic activities 
carried out in the region
In a first step, the activities concerning wind power developments and the activities 
that may be realistically taken over by regional enterprises are estimated.

Llera et al. (2013), followed by Jenniches and Worrell (2019) use 5 subsequent life 
cycle stages for the economic impacts assessment of RES which may be referred to 
as research and development (R&D) (1), manufacturing (2), installation (3), operation 

49 The costs of wind turbine maintenance during operation, for example, are interpreted as the material 
costs (or intermediate input) and the additional costs and benefits of the maintenance company. By 
applying industry specific statistics, it is possible to calculate the regional value added, generated by 
the activity maintenance. The costs of intermediate inputs are interpreted as material costs and as 
additional costs and benefits of the previous stage of the supply chain, which may be trading in this 
case. The material costs of trading are interpreted as the intermediate inputs, benefits and additional 
costs of component manufacturers and so on. For further explanation about supply chain analyses 
see Jenniches and Worrell (2019) or Hirschl et al. (2010).

50 For an evaluation of various regional economic impact assessment instruments see Breitschopf et al. 
(2011) or Jenniches (2018).
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and maintenance (O&M) (4), and decommissioning (5). Figure 4.3 shows the activities in 
each lifecycle stage following literature in the field such as Bröcker et al. (2014), BMVBS 
(2011), or Deutsche Windguard (2013). Defining activities that can be taken over by 
regional enterprises is challenging because there is no statistical classification of the 
renewable energy industry (Statistisches Bundesamt, 2017).51

Dealing with this challenge, various industry statistics such as official and non-official 
sources (e.g. IHK Aachen, s.a.a; Cylex International S.N.C., s.a.) have been analysed to 
identify regional enterprises that are involved in the renewable energy industry. The 
analysis has been supported by an online survey (Jenniches and Worrell, 2019) and 
21 enterprises involved in activities in the wind power market have been identified 
in the region.52 As it is difficult to provide a conservative estimate of specifically wind 
power related revenues of R&D and component manufacturing companies that are 
active in other business areas as well, the paper focuses on installation, operation 
and maintenance activities of wind power developments in the region as minimum 
economic impacts, nevertheless acknowledging the regional economic benefits of 
the local wind power industry.

To quantify the economic effects that depend on wind power developments in the 
region only, activities that are realistically carried out by regional enterprises are taken 
into account using enterprises located in the region from the regional enterprise 
analysis as a precondition, combined with literature values and field interviews for 
specific activities. In the installation stage, infrastructure, and foundation may fully 
be taken over by regional enterprises (Türck-Hövener, 2016).

It has been found that 55% of installed wind turbines in the region are operated by 
regional grid service companies, which is therefore assumed also to be the regional 
share of the activity grid connection. As some planning companies and wind turbine 
operators are located in the region, it is estimated, that all wind turbines may be 
planned and operated by regional enterprises. Due to the fact that insurances may 
be taken out by an internet contract or by a local insurance broker, a share of 50% for 

51 For example, component suppliers of ‘the wind power industry’ are classified as manufacturers of 
the product categories rubber and plastic products, metal products, mechanical engineering, and 
electrical equipment (DIW, 2014a), whereas not every enterprise listed in, for example, the mechanical 
engineering industry is involved in the wind power market.

52 Four enterprises only involved in the small wind turbine market were excluded. Enterprises which are 
able to fulfill the activities funding, foundation and infrastructure, and insurance are also excluded in 
order not to sophisticate the amount of enterprises in the wind power market because wind power 
is considered as being only a peripheral business of these enterprises.
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insurances taken out by regional brokers is assumed. However, in case some activities 
may be taken over by external companies, an additional assessment with a 50% share 
of regional planning enterprises and operators53 and a zero share of regional insurance 
companies is calculated in order to provide a more conservative estimate and an idea 
of the impact of a change in the regional share on the economic effects (Section 4.3.4), 
which is also referred to in the discussion (Section 4.5).

Figure 4.3: Lifecycle stages, time periods, activities and their spatial distribution regarding 

wind power developments in the district of Aachen

Whereas land lease may be naturally taken over by regional land owners, the paper 
follows BMVBS (2011) and uses a share of 45% of local credit institutes based on the 
analysis of local funding for RE projects. Other sources assume a higher share (such 
as 50% by Bröcker et al., 2014).

As depicted in Figure 4.3, the effects generated in the R&D stage are assumed to 
occur before the installation in 2017. Moreover, manufacturing and installation are 
assumed to take place in 2017 with the exception of manufacturing of O&M material, 
which takes place between 2017 and 2037. The operation and maintenance stage is 
assumed to last 20 years, which may be outlasted in single cases (Fraunhofer IWES, 

53 In the calculation, the trade taxes of external operators flowing to the Aachen region, whose shares 
may vary in distinct cases (BWE, 2018), are not included in the calculation.
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2015). Decommissioning is therefore assumed to happen in 2037, whereas waste 
management and recycling may succeed 2037.

4.3.3 Calculation of effects
In 2017, one turbine with a capacity of 0.8 MW, four turbines in the power class 
between 2 and 3 MW with a capacity of 10.8 MW, and 16 turbine between 3 and 4 
MW with a cumulative capacity of 51.5 MW respectively have been installed in the 
region. Therefore, the total installed capacity of the 21 wind turbines in 2017 is 63.1 
MW (Figure 4.4). The estimated amount of electricity generated, based on location 
specific estimations for each wind turbine (Bundesnetzagentur, 2018), between 2017 
and 2037 will be 3,901 GWh.54

Figure 4.4: Number of wind turbine and total installed capacity of turbines installed in 2017 in 

the district of Aachen (Source: own calculations based on Bundesnetzagentur, 2018)

54 For 18 of the 21 wind turbines, the amount of electricity generated was taken from publicly available 
(Bundesnetzagentur, 2018) reports which, for every plant to be built, provide the expected harvest 
of the plant by taking into account the specific geographic conditions (FGW, 2017a). For three plants 
without data, a regional average value has been used.
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The individual capacities and further wind turbine specific characteristics are essential 
for the analysis of costs in the installation stage (Section 4.3.3.1). Moreover, the 
operation stage is analysed (Section 4.3.3.2), with a special emphasis on electricity 
generation (Section 4.3.3.3).

4.3.3.1 Installation
As the regional value added of wind power developments depends on wind turbine 
specific characteristics, an exemplary evaluation is illustrated for a Senvion 3.2M114 
turbine with a capacity of 3.2 MW and a hub height of 143 m that started operating in 
September 2017 in the region. These calculations have been made for every individual 
turbine in the region. Before calculating the regional economic impacts of wind 
power developments, a detailed cost analysis is elaborated. The installation costs are 
usually separated into the costs for the wind turbine and the additional wind turbine 
investment costs (e.g. planning, infrastructure). Costs for wind turbines depend on the 
power class and the hub height, whereas the latter is the main cost driver (Table 4.1). 
Turbine costs for the 3.2 MW turbine are €3,936,000 (with €1,230/kW).

Table 4.1: Costs and number of wind turbines (in brackets) in the Aachen district depending 

on hub heights and power classes55

Hub Height (HH)
Power Classes and Number of Wind Turbines

0 MW < P <= 2 MW 2 MW < P <= 3 MW 3 MW < P <= 4 MW

HH <=100 m €1,090/kW (1) €980/kW (1) €990/kW (0)

100m < HH <=120m €1,200/kW (0) €1,160/kW (0) €1,120/kW (0)

120 m < HH <= 140 m - €1,280/kW (2) €1,180/kW (9)

140 m < HH - €1,380/kW (1) €1,230/kW (7)

(Source: Deutsche Windguard, 2013; Deutsche Windguard, 2015, modified; nominal values)

An estimation of the shares of sub components of the investment costs is depicted 
in Figure 4.5.

55 For plants above 2 MW, data refers to plants installed in 2016 and 2017 following Deutsche Windguard 
(2015). For plants below 2 MW, data refers to plants installed 2009-2013 following Deutsche Windguard 
(2013).
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Figure 4.5: Components of investment costs (Source: Hirschl et al., 2010, modified)

As specific costs for 2017 were not available, costs of turbine that have been installed 
between 2009 and 2013 were used (see Table 4.2). The position other costs include 
costs like nature compensatory measures which occur when wind turbines have an 
impact on ecosystems or the landscape (Hau, 2017; Fachagentur Windenergie an Land, 
2018). As the amount of compensatory measures are project specific (BUND and NABU, 
2017), the costs for these measures cannot be properly disaggregated.

Table 4.2: Components of additional wind turbine investment costs

Component in €/kW in %

Foundation 67 18

Grid Connection 73 20

Infrastructure 41 11

Planning 95 25

Other Costs 97 26

Total 373 100

(Source: Deutsche Windguard 2013, modified; nominal values)

The calculation of the regional value added is illustrated in Figure 4.6 for foundation 
and infrastructure for all wind turbines from 3 to 4 MW.
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Figure 4.6: Calculation of regional value added of foundation and infrastructure of wind tur-

bines from 3-4 MW, installed in the Aachen district in 2017 (nominal values)56

The first step consists of multiplying the costs for foundation and infrastructure 
(Table 4.2) by the cumulative capacity of the wind turbines (1). Due to the fact, that 
these activities are usually taken over by regional enterprises (Figure 4.3 and Türck-
Hövener, 2016), a share of 100% of regional enterprises is assumed (2). These values 
are multiplied by the pre-tax profits as a share of the revenues of the construction 
industry, derived from industry specific statistics (Deutsche Bundesbank, s.a.b).57 
After subtracting trade taxes, corporate taxes, and the solidarity tax (4), one is able 
to calculate the net profits of regional construction companies as a first component 

56 The results vary slightly from the results in Table 4.5 due to rounding effects.
57 For financial institutions in the O&M stage, statistics of Deutsche Bundesbank (s.a.a) are used
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of the regional value added (5).58 The compensation of the employees is calculated 
by multiplying the revenues of the regional construction enterprises by an industry 
specific value (6). Integrating taxes (Bundesministerium der Finanzen, 2016) and social 
insurance costs (Bundesministerium der Justiz und für Verbraucherschutz, s.a.c-g, 
Bundesministerium für Arbeit und Soziales, 2015), the net income of employees can 
be illustrated (7). In a next step, regional taxes are evaluated, consisting of the regional 
share of the trade tax (8) and the share of the income tax of employees (9). To conclude, 
the total value added concerning the foundation and infrastructure of the 3 to 4 MW 
wind turbines in the district of Aachen is €1,072,036. The employment effects are 
calculated by dividing the net income for employees (Destatis, 2016), which yields 36 
jobs in the construction industry in 2017 or 36 person years. These calculations have 
been processed for all activities in the installation stage (Table 4.5).

4.3.3.2 Operation and maintenance
For O&M costs, the latest data for Germany (Deutsche Windguard, 2013) is used. 
Because the costs vary during the first (year 1-10) and the second period (year 11-20) 
of operation due to different conditions (for instance maintenance costs are typically 
higher in the second term), average costs for the whole operation period (Table 4.3) are 
calculated. Regarding land lease, the paper follows Hirschl et al. (2010), who assumed a 
share of 80% of private landlords and 20% of the land owned by the municipality.

Table 4.3: Nominal O&M costs, depending on time periods and components for wind turbines 

installed between 2009 and 2013

Component
Year 1-10

€/MWh

Year 11-20

€/MWh

Year 1-20 €/

MWh

Year 1-20

€/kWh

Maintenance 10.5 14.7 12.6 0.0126

Land Lease 5.3 5.1 5.2 0.0052

Operation and 

Management Costs
4.1 3.6 3.85 0.00385

Insurance 1.2 0.7 0.95 0.00095
Reserve Assets 1 1.4 1.2 0.0012
Other Costs 2 1.3 1.65 0.00165

Total 24.1 26.8 25.45 0.02545

(Source: Deutsche Windguard, 2013, modified)

58 Solidarity tax was introduced in the 1990s to finance the German reunification (Bundesministerium 
der Justiz und für Verbraucherschutz, s.a.b).
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Funding conditions are based on Deutsche Windguard (2015), verified by an interview 
with the German Wind Energy Association (BWE). They assume a 2.5% interest rate and 
an 85% share of external capital. A 10 year credit period is considered, comparable to 
the conditions provided by KfW, the most important financial institution in the German 
renewable energy market (KfW, 2015; Papendieck, 2015).

Moreover, electricity marketing costs of €0.002/kWh (Deutsche Windguard, 2015) are 
included which results in operation costs of €0.02745/kWh. Following the method 
depicted in Figure 4.6, one can estimate the regional value added for operation and 
maintenance activities generated between 2017 and 2037.

4.3.3.3 Electricity generation
Since the introduction of the EEG 2017, compensations for wind power electricity 
are determined by a tender process. However, in a transitional arrangement, 
turbines which have obtained planning permission before 2017 and start operating 
before the end of 2018, still have the right of a compensation by a general feed-
in tariff (Bundesnetzagentur, 2017b). As the highest bid that awarded a contract in 
the second tender process in 2017 (4.29 c/kWh) has been below the feed-in tariffs 
(Table 4.4), it is assumed that operators may make use of the transition arrangement 
(Bundesnetzagentur, 2017c).

Table 4.4: Feed-in tariff of wind turbines in the district of Aachen, starting to operate in 

September 2017

Component of feed-in tariff In c/kWh

Higher feed-in tariff (first 5 years) 7.47

Lower feed-in tariff (last 15 years) 3.97

(Source: Netztransparenz, 2018; nominal values)

The feed-in tariff for wind turbines in the transition arrangement consists of a higher 
feed-in tariff for the first five years of the operation period and a lower feed-in tariff 
for the last fifteen years of the operation time (Table 4.4).

The location specific harvest of a wind turbine has to be related to the harvest of that 
specific turbine type in a reference location, which may lead to an extension of the 
higher feed-in tariff period (FGW, 2017b). It is estimated that the exemplary 3.2 MW 
turbine generates 49.8 GWh in the first five years (Bundesnetzagentur, 2018) which 
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is 92.8% of the harvest of the turbine in the reference location (Bundesnetzagentur, 
2018).

The following formula is used to calculate the prolongation of the higher feed-in 
tariff period according the German renewable energy act (EEG). For a 92.8% reference 
location (x=92.8), the higher feed-in tariff paid would be provided for 14.9 years in 
that case (Equation 4.1).

x = reference location

Equation 4.1: Prolongation of the higher feed-in tariff period (Source: Dağaşan et al., 2014, 

modified)

The average feed-in tariff for twenty years is calculated by using the following Equation 
4.2, according to the EEG.

t1 higher feed-in tariff period (in years)

t2 lower feed-in tariff period

r1 feed-in tariff during the higher feed-in tariff period

r2 feed-in tariff during the lower feed-in tariff period

ra average feed-in tariff

Equation 4.2: Average feed-in tariff for twenty years (Source: BMU, 2013, modified)

Inserting the specific feed-in tariff periods (t1=14.9, t2=5.1) and the feed-in tariff (r1=7.47, 
r2=3.97) for the exemplary turbine, starting to operate in September 2017 in the district 
of Aachen, leads to an average feed-in tariff of 6.57 c/kWh during the 20 years of 
turbine operation.

Figure 4.7 shows the calculation of regional profits and taxes of electricity generation 
for a 3.2 MW wind turbine resulting in revenues of €1,005,000 and regional taxes of 
€285,000.

[(130–x)/0.36 = t (months)]/12 + [(100–x)/0.48 = t (months)]/12 + 5 (years) = t

[(t1/20) x r1 (c/kWh)] + [(t2/20) x r2 (c/kWh)] = ra (c/kWh)

4
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Figure 4.7: Schematic illustration of the value added effects of electricity generation (excl. 

income) of the exemplary 3.2 MW turbine installed in 2017 in the district of Aachen (nominal 

values)

As turbine operators will have to take part in the tender process from 2018 onwards, 
it is evaluated whether turbine operators in the Aachen region would be able to 
compete with a bid of compensation under 4.29 c/kWh which was the maximum 
bid in the second round in 2017. As the bid refers to a 100% reference location in the 
EEG 2017, the actual compensation is calculated by taking into account the location 
of the turbine. Following BWE (2016a), this leads to a compensation of 4.51 c/kWh.

Evaluating the profitability of investments for operators, the levelized cost of electricity 
(LCOE) is calculated following Kost et al. (2013) to evaluate the minimum bid for 
turbines in the Aachen region (Equation 4.3).
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LCOE Levelized cost of electricity in €/kWh
I0 Investment expenditures in €
At Annual total costs in € in year t
Mt,el Generated electricity in the respective year in kWh
i Interest rate (WACC) in %
n Economic operational lifetime in years
t Year of lifetime (1, 2, …n)

Equation 4.3: Calculation of the LCOE (Source: Kost et al., 2013, modified)

Assuming that the interest rate is based on the Weighted Average Cost of Capital 
(WACC) to account for the operator’s equity and debt. As the equity capital cost, a 
rate of 9% has been assumed (Kost et al., 2013). The LCOE and therefore the minimum 
bid for the turbine would be 6.36 c/kWh. To conclude, under these assumptions, 
wind turbines in the Aachen region cannot compete with bids in the tender process, 
considering future bids will be at a similar level as in 2017. However, the positive effects 
of wind power may still exceed other electricity generation sources as discussed in 
the conclusion (Section 4.5).

4.3.4 Results
Table 4.5 illustrates the final results for specific industries, including a scenario 
with a lower share of regional enterprises for the activities planning, insurance and 
electricity generation. In the assumed baseline scenario, all effects may be added up 
to €32,863,000 of profits, €10,362,000 of income, and €7,601,000 of taxes resulting 
in a value added of €50,825,000 and employment effects of 309 person years. 
Municipalities profit not only from taxes, but also from income from public land lease 
(€3,350,000), which yields €10,951,000 of municipal profits in total (Table 4.5). For 2017 
only, the value added is €5.9 million59.

59 The value added of €5.9 million is 0.13% of the nationwide value added in 2012 (Hirschl et al., 2015). 
The employment effects in 2017 are 101 person years, accounting for 0.27% of total employment in the 
German wind power industry (Hirschl et al., 2015). The 2012 data includes both onshore- and offshore 
wind power data as well as the economic effects of wind turbine manufacturing. Noted, however the 
installed capacity in Germany 2017 increased by 64% since 2012. Therefore, the regional economic 
effects in 2017 may be lower in comparison to the national effects in Germany in 2012.

4
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The total effects during the construction and installation stage are approximately 
€3,602,000 (€57,000/MW), whereas €734,000 are profits, €2,590,000 incomes and 
€278,000 municipal taxes. Employment effects are 90 jobs (1.4/MW) in 2017 (or 90 
person years). In the operation stage (2017-2037), land lease, insurance, and financing 
lead to regional economic effects of €13,878,000 (€220,000/MW) and 19 person years 
(0.3/MW). The effects generated by electricity generation are €33,344,000 (€8.5 per 
MWh electricity generated) and 200 person years (0.05/GWh).

The effects of electricity generation account for 66% of the total effects. Land lease, 
making €12,508,000 or 25% of the total effects, are the second highest position 
although nearly three times smaller than the effects, generated by electricity 
generation. Other relatively high effects occur for planning and documentation 
(€2,020,000), funding (€1,245,000), and foundation and infrastructure (€1,312,000).

Most employment effects arise for wind turbine management in the activity electricity 
generation. Other relatively high effects account for planning (42 person years) 
and construction companies (44 person years). Even though planning companies’ 
employees’ income (€1,413,000) is significantly higher than incomes of the activity 
construction (€1,056,000), the employment effects are only slightly higher due to a 
higher average income in the planning industry.

Municipal taxes for wind power developments in 2017 are €645,000 in 2017 and 
amount to 0.13% of the total share of income and trade tax arising in the district of 
Aachen in 2016 (IT.NRW, 2018). It should be noted, however, that corporate taxes are 
not included. Total taxes of these wind turbines from 2017-2037 are €7,601,000 and 
provide for 1.5% of the regional income and trade tax in 2016.

The total effects of wind turbines installed in 2017 (309 person years) make 0.15% 
of total employees in the district of Aachen by the end of 2016 (Bundesagentur für 
Arbeit, 2018).

In the lower share of regional enterprises-scenario, a 50% share of regional planning 
enterprises would lead to a reduced value added of €1,010,000 and a zero share of 
regional insurance companies to a reduction of €126,000. If only half of the wind power 
operators were situated in the Aachen district, this would imply a value added of only 
€16,672,000 for the activity electricity generation, and a 32% reduction of the total 
value added of wind power. The lower scenario would lead to a total value added of 
€33,017,000 and employment effects of 185 person years.
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Due to the German and European merit-order effect60 of wind power, a volatile energy 
carrier, substitutes mainly electricity generated by coal and gas (Section 4.4.2), as there 
are no large storage capacities. This has no significant impact on the regional energy 
system heavily relying on lignite, because no large coal or gas power plants are located 
in the region. However, as it is expected that lignite mine will be closed by 2030, the 
employment potentials of renewables should be compared to the fossil fuels in the 
region (Section 4.5).

4.3.5 Comparison of the results with existing studies
To analyse regional differences of economic impacts and to identify factors affecting 
the results of regional economic analyses, the results are compared to other German 
studies in the field that use a similar methodology (Table 4.6).61 Enabling a comparison 
to international studies, economic effects of wind power developments outside of 
Germany are as well illustrated. The German studies cover NUTS levels from local 
administrative units (LAU), which are municipalities, to NUTS 1 regions, which are 
federal states. The different sizes of regions affect the results because, for example, 
Bröcker et al. (2014) studied the impact of wind power on a federal state level where 
higher shares of taxes occur than on a municipal scale because of the German tax 
distribution scheme.

All wind turbines have the same lifetime of 20 years and capacities range from 1.6 to 3.2 
MW. As most authors focus on a single power class, solely the effects of wind turbines 
with capacities between 3 and 4 MW as the predominantly installed power class are 
taken into account in the results for the Aachen district. To overcome differences 
between calculations, data is aggregated making the results comparable to the results 
in the defined lifecycle stages in this paper, which is illustrated in the following.62

60 The merit-order effect may be defined as: “The merit order of production ranks the available power 
plants in ascending order according to their marginal costs of production. The plants with the lowest mar-
ginal costs deliver power most of the time and are dispatched first. The higher the demand rises, the more 
expensive plants are utili[s]ed. Power price corresponds to the marginal costs of the last power plant that 
is still needed to cover demand” Böckers et al. (2013:2,3)

61 A similar comparison has been conducted by Jenniches and Worrell (2019) for PV.
62 For the installation stage, Bröcker et al. (2014) and Hirschl et al. (2010) present the aggregated costs 

of manufacturing and the assembly of the plant.

4
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Table 4.6: Comparison of regional economic effects of wind power developments (nominal 

values)63

Country Region
Spatial 

Level

Installation 

€/kW

Operation

SourceOperation 

€/kW

Electricity 

Generation 

€/kW

Germany Trier NUTS 2 - 684 435
BMVBS 

(2011)

Germany
Nord- 

schwarzwald

Four 

aggregated 

NUTS 3 

regions

- 684 435
BMVBS 

(2011)

Germany
Städteregion 

Aachen
NUTS 3 57 215 555

This 

Paper

Germany

Munici- 

palities in 

Germany in 

general

LAU 2 121 388 700

Hirschl 

et al.

(2010)

Germany Hannover NUTS 3 - 692 669
BMVBS 

(2011)

Germany Friesland NUTS 3 - 698 873
BMVBS 

(2011)

Germany
Schleswig-

Holstein
NUTS 1 77 872 1,175

Bröcker 

et al.

(2014)

US Texas State 30 37 -

Slattery 

et al. 

(2011)

US Washington State 33 117 -

Heavner 

et al. 

(2003)

US Utah State 95 88 -
Ratliff et 

al. (2010)

63 Values have been converted into € by relying on Deutsche Bundesbank (2017)
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Table 4.6: Comparison of regional economic effects of wind power developments (nominal 

values) (continued)

Country Region
Spatial 

Level

Installation 

€/kW

Operation

SourceOperation 

€/kW

Electricity 

Generation

 €/kW

US Colorado State 19 172 -

Madsen 

et al. 

(2002)

US
Livingston 

County
County 55 146 -

Loomis 

(s.a.)

In the comparison of the value added of the installation stage, similar values are 
presented by Bröcker et al. (2014), and Hirschl et al. (2010). Differences to this paper are 
explicable first because of the installation which is taken over by regional enterprises 
in Bröcker et al. (2014)64 and Hirschl et al. (2010). Moreover, Bröcker et al. (2014) asses 
the value added of other costs and costs for nature compensatory measures, whereas 
the latter is assessed by Hirschl et al. (2010) as well, which was not possible in this paper 
(Section 4.3.3.1). Hirschl et al. (2010) integrate the value added of logistics as well which 
partially explains higher results of Hirschl et al. (2010).

In summary, it can be concluded that the value added of the installation stage mostly 
depends on the activities and regional share of enterprises which are taken in the 
calculations into account.

The highest values in the operation stage are presented by Bröcker et al. (2014). This 
is mainly due to methodological differences, leading to a relatively high value added 
for the activity funding (more than 3 times higher than in Hirschl et al., 2010).

The results of Bröcker et al. (2014) and Hirschl et al. (2010) include the value added 
of maintenance activities, which and are fully carried out by regional enterprises.

Costs for land lease are approximately 1.5 times higher in Bröcker et al. (2014) than in 
Hirschl et al. (2010) because of higher benefits in the North German region Schleswig-

64 This is especially characteristic for North German regions, where lots of enterprises of the German 
wind power industry are located (BWE, 2016b) (e.g. Enercon and Nordex which account for 51% of the 
installed capacity in the German wind power market according to BWE, 2015).
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Holstein with excellent potentials for wind power, whereas Hirschl et al. (2010) assess 
the overall situation in Germany.

Since BMVBS (2011) did not distinguish between profits of enterprises and income of 
employees, illustrating the sum of the two positions without taking other costs and 
taxes of enterprises into account and define the costs for borrowed capital directly as 
value added, which makes half of the value added in the operation stage, their values 
for operation are naturally higher than in Hirschl et al. (2010), where approximately 1/3 
of the value added in the operation stage relies on funding. Therefore, BMVBS (2011) 
may overestimate the economic benefits of the operation stage.

The differences between Hirschl et al. (2010) and this paper’s results are mainly due 
to the activities maintenance and disassembling that are taken over by regional 
enterprises in Hirschl et al. (2010), whereas in the Aachen region no regional enterprises 
involved in that activity has been identified. This is also the case for the position 
funding, where a 45% share of regional banks of has been assumed (Section 4.3.2). 
Secondly, a lower interest rate has been determined, whereas Hirschl et al. (2010) 
calculate the total regional potential by assuming a 100% share of regional banks and 
used different statistics calculating the value added for banks.

For the activity electricity generation, results range between €435 and €1,175 per kW. 
These differences are partly explicable by geographical differences and wind potentials, 
ranging from 1,936 full load hours (Trier in BMVBS, 2011) to 2,780 h (Schleswig-Holstein 
in Bröcker et al., 2014), and 3,072 h in the Aachen region.65 Further determining factors 
are the decrease in feed-in tariffs, since the feed-in tariff for operators in the Aachen 
region is only 80% of the tariff in Schleswig-Holstein (Bröcker et al., 2014) in 2014 and 
a relatively high income tax rate for operators in this paper that can be regarded as 
a conservative estimation which may eventually underestimate the potential effects 
for operators.

In summary, along methodological differences, the availability of regional enterprises, 
the location which determines the electricity generation potentials and decreasing 
feed-in tariffs for wind turbines can be rated as the significant variables influencing 
the impact assessment results.

65 The additional full load hours of plants in the Aachen region in comparison to plants in the coastal 
region Schleswig-Holstein are explicable by more efficient, modern power plants.
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In non-German studies, economic effects range from €19 to €95 per kW in the 
installation stage and from €37 to €172 per kW in the operation stage. Lower values 
in comparison to studies in Germany result mainly from methodological differences, 
since the studies use different costs and another definition and calculation of the 
regional value added as in this paper.66 For example, annual land lease is calculated 
with €2,263 per MW by Ratliff et al. (2010), whereas annual land lease in Schleswig-
Holstein is more than six times higher (€14,400/MW) (Bröcker et al., 2014).

4.4 Impacts of wind power on GHG emissions 
and air pollution

4.4.1 Methodology to assess the impacts of wind power on GHG 
emissions and air pollution
When assessing the avoided GHG emissions for wind power, the emissions of a wind 
turbine during its whole lifetime should be included. Among the various approaches, 
a prominent method is a lifecycle assessment (LCA) which considers the emitted GHG 
during the whole lifecycle of wind power systems. Such lifecycle assessments “include 
impacts from extraction, processing and transportation of fuels, building of power 
plants and generation of electricity” (Gagnon et al., 2002).

LCAs for wind power have been applied by e.g. Crawford (2009), Tremeac and Meunier 
(2009), or Turconi et al. (2013). In evaluations of GHG emissions, some authors refer 
to CO2 only, whereas other authors include other GHG like for example CH4 or N2O 
as well, transforming them into CO2-equivalents (eq) (Wagner et al., 2007). In terms 
of comparability and transparency, it is opted for the latter assessment to consider 
other GHGs as well. According to the available literature reviews (Turconi et al., 2013; 
Weisser, 2007; Radaal et al. (2011), GHG emission values range from 3-55.4 gCO2-eq/
kWh. These values should be compared with the emitted GHG emissions of substituted 
energy technologies, in order to evaluate the avoided emissions due to wind power 
developments.

As the use of renewable energies is supposed to reduce air pollution significantly in 
comparison to conventional energy generation technologies such as coal (Jacobson, 
2009), renewable energy developments have also a positive effect on human health. 
According to WHO (2014), approximately 13% of deaths worldwide were caused by 

66 Economic effects are not illustrated in value added, but in employee earnings only. In the operation 
stage, land owner benefits are also taken into account (an exception is Slattery et al., 2011).
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air pollution in 2012, making it “the world’s largest single environmental health risk” 
(WHO, 2014). For ambient air pollution, the number of deaths in 2016 is estimated 
in 4.2 million (WHO, 2018). According to Eurostat (2016), 13% of the most important 
acidifying gases and 8% of ozone precursors were emitted by electricity, gas, steam, 
and air conditioning supply in the EU-28 in 2014.

To enable methodological consistency, emission data which is used for GHG emissions 
is used for air pollution as well (Memmler et al., 2017). Specifically for air pollution, 
emission data of 2016 is used and an equal distribution of effects in the wind turbine 
lifetime is assumed to enable a calculation of net avoidance effects. In this regard, it is 
important to note that data should ideally be country specific and up-to date, taking 
into account the specific technology as well as the country specific energy system 
and substitution potentials.

4.4.2 Avoided GHG emissions
For the Aachen region it is referred to a study of the German Environment Agency 
(UBA) that evaluated the incurred and avoided emissions by generating electricity via 
renewable energy sources, on the basis of the principles of an LCA (Memmler et al., 
2017). By wind power, electricity generated by black coal (61%) and gas power plants 
(39%) are substituted (Klobasa and Sensfuß, 2016 in Memmler et al., 2017). Differently, 
electricity generation by lignite that is exploited in the region does not play role, due 
to the merit order of electricity generation technologies (Memmler et al., 2017). Since 
values for 2017 were not available, data for 2016 were used, under the assumption 
that all wind turbines were installed before the beginning of 2017 (Equation 4.4).

N (gCO2-eq/kWh) x Mel (kWh) x V (€/kWh) = B (€)

N net avoided emissions

Mel generated electricity

V monetised value of emissions

B monetised benefits of avoided emissions

Equation 4.4: Calculation of the monetised benefits of avoided emissions

The emitted greenhouse gases for onshore wind turbines are 11 gCO2-eq/kWh in 2016 
(Memmler et al., 2017), which lays in the range of the values, provided by the reviews 
of Turconi et al. (2013), Weisser (2007), and Radaal et al. (2011). When multiplied by the 
estimated electricity generated in 2017 (195,073,000 kWh; Section 4.3.3.3), they result 
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in 2,086 tCO2-eq. The gross avoided emissions are 691 gCO2-eq/kWh (Memmler et al., 
2017) which corresponds to 134,856 tCO2-eq. This leads to net avoided emissions of 
132,770 tCO2-eq (681 gCO2-eq/kWh) for the Aachen region, which correspond to 0.29% 
of the avoided GHG emissions due to wind power in Germany in 2016 (Memmler et 
al., 2017).

Note that, in reality, that there is no equal distribution of effects over the wind turbine’s 
lifetime since higher effects occur during manufacturing and construction (Weisser, 
2007). However, in order to take into account all positive and negative effects, an equal 
distribution of effects over time was assumed.

As avoided emissions may be a quite abstract indicator for decision makers in the 
region, the economic benefits for avoided CO2-eq emissions are calculated, following 
Jenniches and Worrell (2019), by assessing the social cost of carbon (SCC), which may 
be defined as the net present value of damage costs of mitigating an additional unit 
of carbon in a specific point in time (Tol, 2015). These damage costs are the product 
of the positive and negative impacts of climate change effects such as sea level rise, 
energy, agriculture, water supply, and health, etc. (Watkiss et al., 2006).

SCC varies among model assumptions in different studies. As reported by Isacs et al. 
(2016), SCC ranges from €6.367 to €734.468 per ton CO2 in 2017.

In order not to underestimate climate change effects, a lower bound of €98.8 per 
ton CO2 in 2017, as proposed by van den Bergh and Botzen (2014) and representing a 
conservative estimate, is used as a SCC value.69 This leads to SCC of €13,117,715 (€0.07/
kWh electricity generated) in 2017 that can be interpreted as the economic benefits 
of CO2-eq mitigation due to wind power developments in 2017.

67 Isacs et al. (2016) illustrate a value of €6.1 per tCO2 in 2015 which is based on Tol (2013) and Bateman 
et al. (2014). The value has been converted into 2017 € by including a damage growth rate of 2.3% 
p.a. (Tol, 2013) and the inflation rate of Germany based on OECD (2018).

68 Isacs et al. (2016) present costs of €724 per tCO2 in 2015, based on Ackerman and Stanton (2012). The 
value has been converted into 2017 € by including a growth rate of damage costs per year (1.7%) and 
the inflation rate for Germany based on OECD (2018).

69 The original value of $125 per tCO2 of van den Bergh and Botzen (2014) has been converted into 2017 
€ by using an average exchange rate (Deutsche Bundesbank, 2017).
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4.4.3 Avoided air pollution and its economic impact
Multiplying the electricity generated by each wind turbine in 2017 times the net 
emission reduction in tons per kWh of electricity generated by wind power in 2016 
(Equation 4.4) yields a reduction of 89.73t of nitrogen oxides (NOx), 50.72t of sulphur 
dioxides (SO2), 3.9t of non-methane volatile organic compounds (NMVOCs), 3.9t of 
dust, and (7.8t) of carbon monoxide (CO). Using the same source as for GHG emissions, 
it is possible to estimate that 0.29% of the national avoided air pollution related to 
wind power are due to wind power in the Aachen region (Memmler, 2017).

Due to geographic conditions such as population densities or the location of 
ecosystems as well as different atmospheric conditions that depend on the emitters’ 
location (EEA, 2014), damage costs vary spatially. Data of EEA (2014) is used, evaluating 
the damage costs due to air pollution by European industrial facilities from 2008-2012 
on a country level.

The damage costs of air pollution on human health is measured by a value of a life 
year (VOLY) and a value of statistical life (VSL).

The VOLY illustrates life expectancy decreases by considering the age of casualties 
whereas younger casualties are weighted higher than elder ones (EEA, 2014) and the 
VSL represents “individuals’ willingness to pay to secure a marginal reduction in the 
risk of premature death” (WHO, 2015:VIII). In the analysis, a VOLY of €68,000 and a VSL 
of €2,593,000 (both values in 2017 €70) are used, representing values for the European 
Union, based on evaluations of the NewExt research project (Hurley et al., 2005) and 
are values which are typically applied in projects on a European scale (Hein et al., 
2016). In a comparison of values, Hein et al. (2016) find VOLY estimates ranging from 
€6,200 to €150,000 and VSL estimates ranging from €0.5 to more than €6,000,000. Both 
values used can therefore be interpreted as slightly below the average value of existing 
studies in the field. However, the estimations are subject to uncertainty which should 
be taken into account when interpreting the results. Based on specific exposures to 
emissions, EEA (2014) provides country specific data for emitted pollutants (Table 4.7) 
where average values for Germany have been used.

70 Original vales are €57,000 (VOLY) and €2,200,000 (VSL). These values have been converted to 2017 € 
values using an inflation rate for Germany based on OECD (2018).



153

Regional Economic and Environmental Impacts of Wind Power Developments

Table 4.7: Avoided air pollution and economic valuation of wind power developments in 2017

Substance

Net avoided 

air pollution 

(t)

VOLY 

(€/t)

VSL 

(€/t)

Economic value 

of avoided air 

pollution (€) 

(VOLY)

Economic value 

of avoided air 

pollution (€) (VSL)

SO2 50.72 22,357 67,846 1,133,937 3,441,052

NOx 89.73 8,040 22,479 721,473 2,017,097

NMVOCs71 3.90 2,230 5,628 8,701 21,958

Total 1,864,111 5,480,108

(Source: own calculations based on Memmler et al. (2017) (emissions) and EEA (2014) (economic 

assessment72)

Since the power grid is integrated it is difficult to evaluate the spatial distribution of 
air pollution reductions. Therefore, emission reductions take place inside as well as 
outside the region. The total economic value of avoided air pollution in 2017 ranges 
from €1,864,000 (€0.01/kWh electricity generated) (VOLY) to €5,480,000 (€0.03/kWh 
electricity generated) (VSL) because of wind power developments in the Aachen 
region in 2017 (Table 4.7).

4.4.4 Comparison of the results with existing studies
Factors influencing the results of external costs of avoided emissions include different 
methods used, different emission amount values, and different external costs, which 
makes a comparison of results among studies quite challenging (Sundqvist, 2004; 
Novan, 2015). Krewitt (2002), therefore, states that a “validation of external cost 
estimates is not possible” (Krewitt, 2002:840) but sees merit in comparing the results 
as it illustrates differences in the assessments. While existing studies in the field are 
not specific to German regions, most authors compare electricity generation by wind 
to coal and gas, which are the same energy carriers substituted as in this paper.

In the studies where wind power replaces coal or gas (e.g. Munksgard and Larsen, 1998; 
Sundqvist, 2004), avoided costs for wind substituting coal range from 3.7 to 8.5 c/kWh 
and are mostly higher than the avoided external costs for the substitution of gas (1.3-

71 EEA (2014) include secondary organic aerosols (SOA) into NMVOCs as well, whereas it is not clear 
whether they are included in the calculations of Memmler et al. (2017).

72 The values of EEA (2014) were originally in 2005 €, which have been converted using an inflation rate 
for Germany based on OECD (2018).
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9.9 c/kWh) in the respective studies (e.g. McCubbin and Sovacool, 2013; Munksgard 
and Larsen, 1998). This is due to a higher amount of emissions by electricity generation 
from coal than from gas (Table 4.8).

Table 4.8: Avoided external costs of wind power generation in different studies in c/kWh73

Authors
Wind replacing 

coal  (c/kWh)

Wind replacing 

gas  (c/kWh)

Wind 

replacing 

coal and 

gas (c/kWh)

Region

Munksgard and 

Larsen (1998)
3.7-5.1 1.8-2.7 - Denmark

Roth and Ambs 

(2004)
7.9 5.5 - US

Sundqvist (2004) 8.5 3.7 - Global Sample

McCubbin and 

Sovacool (2013)
-

1.5-9.9 -
Altamont (CA)/

US

1.3-6.9 -
Sawtooth (ID)/

(US)

Cullen (2013) - - 0.8 Texas

Novan (2015) - - 2.2 Texas

This Paper - - 7.7-9.5
District of 

Aachen

The most important cost parameter in most studies, disaggregating GHG and other 
emissions, are CO2 emissions, which corresponds to the findings of our study.

The range of avoided costs (1.3-9.9 c/kWh) in McCubbin and Sovacool (2013) derives 
from the estimation of a low and a high impact scenario with different amounts of 
emissions. In their study, the site specifity of assessments becomes apparent as there 
are different amount of emissions due to the efficiency of substituted power plants 
in the region, where the specific wind turbines are installed.

73 Values have been converted into 2017 € based on Deutsche Bundesbank (2017) and using an inflation 
rate for Germany based on OECD (2018). Net benefits have been calculated, following Timilsina et 
al. (2013). If several values were presented, a medium scenario has been chosen. In the evaluation 
of Novan (2015), nuclear energy and other not specified energy carriers are also taken into account. 
However, their impact has been considered negligible.
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Only a few studies take into account the actual energy mix substituted by wind power 
as stated by Novan (2015), who identified Cullen (2013) as the first paper studying 
“econometric estimates of the actual substitution pattern between wind generation 
and conventional generators” (Novan 2015:296).

The outcome of our study for wind power substituting coal and gas ranges between 
7.7 and 9.5 c/kWh. This result is a bit lower than in McCubbin and Sovacool (2013), 
mainly due to a lower CO2 price (8 times lower than in our study in Cullen, 2013; 4 
times lower than in this paper in Novan, 2015). To conclude, there is a high level of 
uncertainty and variety regarding emissions and estimated external costs, which 
should be made transparent and regarded in the interpretation of the results.

4.5 Conclusion and Policy Implications
The total regional value added effects of 63.1 MW wind power developments in 2017 in 
the district of Aachen are €50.8 million (€805/kW) consisting of profits of €32.9 million, 
net incomes of €10.4 million, taxes of €7.6 million, and employment effects of 309 
person years (4.9 jobs per MW installed) (Table 4.5). Assuming a lower share of regional 
enterprises would lead to a value added of €33 million (€523/kW) and employment 
effects of 185 person years (2.9 jobs per MW installed), whereas the total regional value 
added highly depends on the electricity generation activity and implicitly on operators 
situated in the region. In fact, assuming only half of the operators being situated in the 
region would lead to a loss of total value added of 32%. Consequently, regions should 
actively promote electricity generation by regional operators.

In 2017 alone, value added is €5.9 million (€95/kW; €31/MWh electricity generated). 
Employment effects are 101 person years. In the scenario with a lower share of regional 
enterprises, the value added is €4.1 million (€65/kW; €21/MWh generated) and the 
employment effects are 75 person years (Table 4.9).
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Table 4.9: Economic effects of wind turbines installed in 2017 in the Aachen region in € and in 

€/kW in 2017, including a lower share of regional enterprises scenario (in brackets)

Indicator Category Total (in €) €/kW €/MWh

Value added

Profits (1,619,892) 2,340,549 (26) 37 (8) 12

Income (2,091,398) 2,978,473 (33) 47 (11) 15

Taxes (402,223) 644,606 (6) 10 (2) 3

Total value added 5,963,629 95 31

Avoided GHG CO2-eq 13,117,715 208 67

Avoided Air 

pollution

SO2 1,133,937-3,441,052 18-55 6-18

NOX 721,473-2,017,097 11-32 4-10

NMVOCs 8,701-21,958 0.1-0.4 0.04-0.11

Total avoided air pollution 1,864,111-5,480,108 30-87 10-28

Total (lower scenario) 19,095,339-22,711,336 303-360 98-116

Total 20,945,455-24,561,451 332-389 107-126

Further benefits of €13.1 million arise by 132,770t of avoided CO2-eq emissions. The 
positive impacts of non-emitted air pollutants on human health range from €1.9 
million to €5.5 million. Total benefits in 2017 range from €20.9 to €24.6 million (€332-
389/kW or €107-126/MWh electricity generated) in the baseline scenario and from €19.1 
to €22.7 million in the lower scenario. Further benefits would occur if the amount of 
PM2.5 and PM10 emitted would be integrated in the analysis, which has not been done 
by Memmler et al. (2017) and there is further research needed.

The supply chain approach is a valuable instrument for analysing economic impacts of 
RES, especially on a small regional scale, since there is no need for an economic model 
that is often not available on a local or small regional level. Moreover, the analysis is 
very illustrative and it allows assessing the parameters determining the impacts very 
precisely, which is a benefit for stakeholders in the wind power market.

An important question for stakeholders in the region are the benefits of wind power, 
compared to the second most important renewable energy generation technology 
PV (render, 2016) and the conventional energy generation technology lignite which 
are all generated in the region. By comparing the levelized cost of electricity (LCOE) 
which takes into account all costs for electricity generation of a technology, one sees 
that it would most economical to generate electricity by lignite (Table 4.10).
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Table 4.10: Costs and employment effects of electricity generation of wind power, PV, and 

lignite in the Aachen region

 Technology Wind
PV (large 

rooftop)
Lignite

LCOE (c/kWh)
6.36 6.71

4.59

LCOE excl. EU ETS carbon price (c/kWh) 4.36

GHG emissions (g/kWh) CO2-eq 10.69 67.81 413.15

Cost of emitted GHG (c/kWh) CO2-eq 0.11 0.67 4.08

Air pollution (g/kWh)
SO2 0.01 0.07 0.23

NOx 0.02 0.09 0.26

Cost of emitted air pollution (VOLY) (c/

kWh)74

SO2 0.03 0.15 0.51

NOx 0.02 0.07 0.42

Costs of electricity generation (c/

kWh)
6.51 7.59 9.37

Regional employment (person years/

GWh)
0.08 0.63 0.1775

 (Sources: LOCE of wind: own calculation (Section 4.3.4); LCOE lignite and PV (average value for 

Germany for large rooftop plants): Kost et al., 2018, modified); GHG emissions and air pollution: 

Memmler et al., 2017, GHG prices: van den Bergh and Botzen, 2014, modified) (see Section 4.4.1); 

cost of air pollution: EEA (2014, modified) (see Section 4.4.2); regional employment: wind power: 

own calculation (Section 4.3.4), lignite: own calculation based on employment and electricity 

generation of lignite (Section 4.4.2), PV: Jenniches and Worrell, 2019)

However, by integrating the external costs of GHG emissions and air pollution, wind 
power is the most economical electricity generation source, followed by PV, whereas 
the external costs of lignite make it the least economical option. The presented 
example is based on conservative assumptions as the lowest LCOE for lignite, which 
may - with an upper value of 7.98 c/kWh (Kost et al., 2018)- be well above the LCOE 
of wind power and PV, is chosen. Furthermore, the emissions of lignite electricity 

74 We have chosen the VOLY here to provide a single value, following Hein et al. (2016) who consider 
-among others - the VOLY as a superior indicator for measuring air quality as VSL.

75 The calculation of the employment effects of lignite is based on another methodology as for wind 
power and PV, which makes a comparison difficult.
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generation are assumed to be quite low76, which illustrates the superiority of renewable 
energy sources compared to lignite. Differently from other studies (e.g. Sims et al., 
2003; Munksgard and Larsen, 1998), the external costs of wind power generation are 
not considered zero, as emissions over the whole technology lifecycle (including plant 
manufacturing) are taken into account and not only energy generation, which makes 
the comparison more comprehensive.

Comparing the employment effects, the effects of wind power enable approximately 
half of the effects of lignite. However, due to methodological specifics, the estimation 
of the regional employment effects of lignite is quite high and regions nearby are 
also considered, though the lignite mine (Section 4.2) is only partly situated in the 
Aachen district.

Most of the employment effects (nearly 4 times more than lignite) account for PV which 
is due to more regional PV enterprises in the region, whereas specialised enterprises 
for wind power are located in other regions.

Investing €1 million in wind, PV, or lignite allows a generation of 15.7 GWh of wind 
power, 14.9 GWh of PV and 21.8 GWh of wind power. However by taking into account 
the external costs, the same investment would lead to 15.4 GWh of wind power, 13.2 
GWh of electricity by PV, and 10.7 GWh of lignite. The regional employment effects of 
the investment are 1 person year for wind, 9 for PV, and 4 person years for lignite.

In summary, from an environmental and economic perspective, the development 
of PV and wind power is preferable than investing in lignite electricity generation, 
where the generation costs of wind power are the lowest. From a socioeconomic 
perspective, PV is the preferable electricity generation technology. Regional decision 
makers should therefore always opt for developing PV over lignite. The decision 
between developing wind or lignite is based on a trade-off between environmental 
economic and socioeconomic concerns, whereas, from a global view, the long term 
negative effects of climate change may be more important than individual regional 
employment. Differently, a balanced deployment of PV and wind should consider 

76 The costs of lignite range between 4.49-7.98 c/kWh depending on the full load hours and the carbon 
prices of the EU Emissions Trading System of lignite. To avoid double counting, the carbon costs are 
have been excluded by using an average carbon price value for 2017 (€5.58/tCO2; European Energy 
Exchange AG, 2017). The GHG emissions of lignite, used by Memmler et al. (2017) are relatively low in 
comparison to other sources. Using the average value of the literature analysis by Wagner et al. (2007) 
would lead to emissions of 1,083 g/kWh electricity generated, which would lead to GHG emission 
costs of 11 c/kWh.



159

Regional Economic and Environmental Impacts of Wind Power Developments

technical issues, in addition to environmental and (socio)economic aspects. From a 
regional employment perspective, the deployment of PV is more beneficial than wind 
power, although energy generation costs are slightly higher. In any case, to achieve a 
total electricity supply by renewable energies, wind power remains necessary: even 
by exploiting the whole PV potential in the region, the regional electricity demand 
could not be satisfied by PV alone (render, 2018).

In this regard, incentives are needed to foster the transformation to a low carbon 
energy system in fossil fuel regions and to steer regions towards a low carbon energy 
policy, as local governments might prefer to support local jobs rather than reducing 
emissions, which is a classic “tragedy of the commons” (Hardin, 1968:1245) challenge. 
This can be solved by fully taking into account the negative impacts of fossil energy 
generation. Internalising the external damage costs could be done by making emitters 
accountable or by rewarding operators or regions for their efforts to avoid GHG and 
air pollution.

However, regions relying on fossil fuels have to compensate structural employment 
market changes by providing alternative opportunities for employees in the fossil 
fuel industries. In this case, job training is necessary. Ultimately, the number of jobs 
depends on the ability of regions to attract RES industries as well as on the renewable 
energy generation potentials, which both support a sustainable economy in the long 
term.
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Abstract
This paper calls for a regional approach to energy transitions leveraging regional 
specifics instead of national averages. Taking local variation into account allows 
for a more efficient analysis of specific transition challenges instead of evaluations 
on the national scale that are mostly found in the literature. We build on the multi-
level perspective in order to analyse the energy transition in the German region of 
Aachen, an early mover in renewable energy development which also relies strongly 
on coal production. Regional interaction patterns between the established regime 
and the niche are analysed. We find that especially informal institutions drove the 
implementation and promotion of renewable energies. Building on these informal 
institutions, the paper provides policy advice to successfully manage the regional 
energy transition in the future. The approach may be transferable to other regions 
as well.
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5.1 Introduction
There is broad academic consent that the emission of greenhouse gases (GHG) is 
leading to global warming and climate change causing severe impacts on ecosystems 
(Umweltbundesamt, 2019c). A large number of international and national GHG 
mitigation strategies has been formulated. Looking specifically at Germany, a 
commitment was made to reduce them by 2020 to about 40% compared to the 1990 
level (BMU, 2017a). In this regard, several supportive factors have emerged: studies 
have shown that such a goal is technically feasible (Kopiske and Gerhard, 2018) and 
economically viable as electricity generation by solar photovoltaic (PV) and onshore-
wind is meanwhile cost competitive with electricity generated by fossil fuel plants 
(Kost et al., 2018). Furthermore, there is a broad societal support of the energy 
transition (Agentur für Erneuerbare Energien, 2017). Nevertheless, the 40% target will 
presumably not be achieved (Kopiske and Gerhard, 2018). This raises the question: 
what kind of barriers still hinder the energy transition despite major drivers pointing 
in the right direction?

The present paper maintains that in order to identify hindering or promoting factors 
of the implementation of the energy transition in a country, the analysis should 
focus on regional or local processes. Every region possesses a specific development 
potential, which depends on geographical factors (e.g. wind potential, solar irradiation, 
agriculture and land use etc.). Other locally varying factors are the extent and capacity 
of the energy infrastructure, capabilities in the regional economy, as well as cultural 
characteristics of the sub-national territories (Keppler, 2007; Bonnemaison et al., 2005). 
Moreover, the adoption of renewable energies (RE) is rather a local or regional, than 
a national responsibility in many countries. This is because municipalities or regions 
may have the power to hinder or promote the implementation of new technologies. 
For example, necessary building permissions for wind power developments often fall 
under local responsibility (Jacobsson and Bergek, 2004; Jenniches et al., 2019). Despite 
these conditions, regional characteristics (e.g. dependence on fossil fuel exploitation) 
are often overlooked in national appraisals of energy transition potentials. In other 
words, there is a missing link between national targets, on the one hand, and conditions 
for regional implementation, on the other. In a similar way, a policy aiming at a national 
energy transition has to take regional contexts into account.

This paper addresses this gap by looking at hindering and enabling factors of the 
energy transition at the regional level. Our analytical framework is composed of two 
elements. First, to analyse the energy transition at the regional level, we adopt a socio-
technical system perspective (Verbong and Geels, 2007; Walker and Cass, 2007). This 
allows for a comprehensive view, as it introduces a social perspective into an analysis 
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that is often dominated by techno-economic arguments (Bolton and Foxon, 2015). By 
implementing a multi-level perspective (MLP) (Section 5.2) we describe how, also at 
a regional level, RE evolve in niches, facing opposition by the existing sociotechnical 
regime by following the conceptualisation of Smith et al. (2010) and Verbong and 
Geels (2007). Both innovative technologies and sociotechnical regimes are influenced 
by broader developments such as societal trends – the sociotechnical landscape. The 
fundamental restructuring of a sector results from dynamics operating simultaneously 
at these three levels (Geels, 2002; Geels, 2005; Geels and Schot, 2007; Voß et al., 2009; 
Geels, 2012).

In a further step, we want to elaborate how a multi-scalar understanding of 
sustainability transitions can come to bear. Transition approaches have been criticised 
for their insufficient consideration of the spatial dimension (Hansen and Coenen, 2015; 
Bridge et al., 2013; Truffer et al., 2015) as, for example, the spatial reach of institutions is 
inadequately addressed (Coenen et al., 2012). In fact, most studies analyse processes 
at the national level (Markard et al., 2012) – examples are Geels (2005), Kern (2012), or 
Belz (2004). However, they miss factors which operate at the regional level interacting 
with spatial “variations and reproduction[s] of regime structure[s]” (Truffer and Coenen, 
2012:10). In other words, by focusing on the national level only, studies do not explain 
why, for example, the initial market formation of clean technologies occurs in specific 
regions and not in others or why some regions perform better in the energy transition, 
even though techno-economic conditions may be largely similar (Dewald and Truffer, 
2012).

For this reason, the second key component of our analysis is the concept of socio-
spatial embeddedness, which is like multi-scalarity also derived from the Geography 
of Sustainability Transitions (GOST) literature (Truffer et al. 2015; Hansen and Coenen; 
2015). Socio-spatial embeddedness encompasses the characteristics of places in 
terms of available capital, infrastructure, physical geographical potential, the political 
system, informal (such as individual cultures) and formal institutions (Amin, 1999).77 
These factors may either support or hinder the implementation of a more sustainable 
energy transition (Truffer et al., 2015; Bridge et al. 2013; Wirth et al. 2013). Accordingly, 
socio-spatial embeddedness enables a better understanding of conditions for energy 
transitions and support the formulation of adequate regional policies.

77 Formal institutions may be defined as rules, laws, standards and regulations, whereas informal in-
stitutions may be referred to as culture, habits, “customs, traditions, and codes of conduct” (North, 
1991:97).
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In the paper we apply the proposed framework to a region and describe the energy 
transition process regarding the interplay between the existing regime and the 
innovative niche by referring to actors, formal institutions, and technologies (as 
in Geels et al., 2016). Furthermore, we enrich the analysis by looking at informal 
institutions, as well as at technical, economic, environmental, and social-acceptance 
issues. In this regard, a distinction between RE technologies is essential, as every 
technology has particular techno-economic characteristics, environmental impacts, 
and social acceptances. Therefore, the analysis illustrates the energy transition not 
only in its regional, but also in its technological variations and options which has, to 
such an extent, not been done in other MLP studies so far.

Specifically, the focus will be on the historical mining region of Aachen, located in 
the West of the federal State North Rhine-Westphalia in Germany (Figure 5.1). Using 
qualitative and quantitative data, as well as narrative analysis, we find a powerful 
regime based on fossil energy generation, resulting in a hostile environment for 
alternative technologies. Nevertheless, the Aachen region has also been the forerunner 
in terms of RE promotion: the highly effective national feed-in tariff as part of the 
national renewable energy act (EEG) was first developed here (Jenniches and Worrell, 
2019).

However, renewable energy implementation has recently fallen behind expectations, 
although, economic benefits, technical potentials, and social acceptance can be 
considered high. These features make the region quite an interesting case to study, 
but also an extreme example of the interplay of relatively strong national and regional 
conditions, regarding to niche and regime characteristics. This allows for transferring 
the results into other regional contexts where conditions may be more moderate. 
Nevertheless, this analysis provides the basis to formulate suitable policy measures, 
thus making use of the full potential of the MLP (Kern, 2012).

In this regard, the proposed analytical framework generates generalisable lessons 
which can be used in performing integrated analysis of technical, economic, and social 
acceptance of the energy transition in other regions as well. Based on that, several 
research questions are formulated: how do niche innovations interact with potentially 
hostile regional socio-technical regimes (e.g. regimes depending on the fossil energy 
industry, such as in mining regions)? What (spatially-embedded) factors may support 
the emergence of novel (clean-)technologies in a region? (see Section 5.4.3) What are 
barriers that slow down the transition? What are drivers of regional transitions which 
one may build upon to support further developments of renewable energies? (see 
Section 5.5).
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Finally, we need to clarify the concept of a region. The administrative region of the 
district of Aachen (German: Städteregion Aachen) is the relevant spatial unit for an 
analysis of regional characteristics such as economic data, population surveys, or 
energy system analyses. The evaluation of the wider structural region is relevant 
because mining and energy generation are historically quite significant in the Aachen 
district as well as in the adjacent district of Düren. Both are part of the Rhenish lignite 
mining area (Rheinisches Braunkohlerevier). We therefore use the term Aachen 
district, representing the administrative district of Aachen and the Aachen region 
for the district of Aachen and Düren, when we refer to the parts of the region, where 
mining and energy generation from lignite takes place and where we find a regional 
specialisation on research and development.78

Figure 5.1: Situation of the district of Aachen (German: Städteregion Aachen) in Europe (left) 

and neighbouring territorial units (right) on NUTS 3 level (Source: Jenniches and Worrell, 2019, 

modified; map data sources: Eurostat, s.a.a)

The paper is structured as follows: after introducing the MLP (Section 5.2), the data 
gathering process is briefly presented (Section 5.3). The regional characteristics 
enabling niche formation, the incumbent regime and their interaction are elaborated, 
by taking the relative importance of regional actors, institutions, and technologies into 

78 The area of the district of Düren, as well as the district of Heinsberg, and Euskirchen, together with 
the district of Aachen and the city of Aachen also form part of the historical governmental district 
of Aachen and are referred to as the Aachen region (Region Aachen Zweckverband, s.a.). This is a 
rationale for labelling the district of Aachen and Düren as the ‘Aachen region’.
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account (Section 5.4). This analysis provides the basis for proposing policy measures 
to steer the regional energy transition in the future (Section 5.5).

5.2 The multi-level perspective
The multi-level perspective (MLP) allows for the analysis of transitions by referring to 
a systemic view composed of three different structural levels, namely niches, regimes, 
and landscapes, interacting with each other (Geels, 2005). A common assumption 
that is often found in the original literature is that socio-technical regimes are 
mostly located at the national level, whereas niches operate at more local scales and 
landscape forces represent globally operating context conditions (Truffer and Coenen, 
2012). Only later, geographers have introduced a multi-scalar perspective by revealing 
that all three socio-technical configurations operate at global, national, and local scalar 
levels simultaneously (Coenen et al., 2012; Murphy, 2015; Coenen and Truffer, 2012; Binz 
and Truffer, 2017). As a result, although widely applied and recognised by sustainable 
transition scholars, MLP analyses often take the dimensions of space and scale into 
account insufficiently.

A particularly critical point is that most MLP based papers implicitly adopt a national 
view on socio-technical regimes (Smith et al., 2010). This creates a risk for the analysis 
to overlook variations within countries that might potentially impact the success and 
shape of a transition (Raven et al., 2012). For instance, informal institutions may exhibit 
a high degree of sub-national variation, e.g. regarding an identification with mining 
rooted in a regional culture, but there also may be a regional concentration of actors 
of the incumbent regime such as the mining and fossil fuel industry. In the following, 
we discuss why niche and regime need to be studied at the regional level, i.e. why 
their spatial embeddedness is relevant.

5.2.1 The regional variation of niches
Niches may be defined as shielded experimental spaces for radical innovations where 
they can evolve and are protected against established processes and influential 
incumbent actors (Schot et al., 1994).

Protecting measures to support these innovations are necessary as they are still 
expensive, cumbersome, and suffer from technological teething problems (Geels, 
2002). These measures are, however, instruments for “governing transitions into 
socially desirable directions” (Raven et al., 2010:59). What is socially desirable may be 
different on a spatial scale. For instance, while climate change mitigation is desperately 
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needed, RE developments may not be a socially desired strategy in every region (Graf, 
2018). Hence, we argue that social support of alternative energy generation options 
needs to be assessed at the regional level.

Moreover, niches are not as highly institutionalised as established regimes because 
formal institutions such as laws or standards and informal institutions such as codes 
of conduct, customs, and habits (North, 1991) still have to be developed. Also, the 
adoption of a technology by users and the integration into “practices, organisations 
and routines” (Geels, 2004:902) is still in an early stage. Again, informal institutions 
supporting niche formation such as customs, practices and habits, vary across regions 
and should be analysed consistently (Keating, 2001; Keating et al., 2003; Bonnemaison 
et al., 2005).

In sum, we argue that the relative regional capability to absorb innovative technologies 
into the local context might explain why the adoption of innovations and therefore 
the transition to RE occurs earlier in some regions than in others. Differently, in most 
analyses, the impact of socio-spatial embedding, i.e. how the spatial situation such 
as infrastructure, or the availability of natural resources and the local and regional 
institutional setting influence the formation and maturing of niches, has been missing 
(Coenen and Truffer, 2012).

5.2.2 A multi-scalar view on socio-technical regimes
Innovations evolving in niches are confronted with existing regimes, i.e. the setting 
of mature technological and institutional arrangements as well as incumbent firms 
(Audretsch, 1997). A technological regime, originally introduced by Nelson and Winter 
(1982) may be defined as:

“the rule-set or grammar embedded in a complex of engineering practices, production 
process technologies, product characteristics, skills and procedures, ways of handling 
relevant artefacts and persons, ways of defining problems—all of them embedded in 
institutions and infrastructures. Regimes are intermediaries between specific innovations 
as these are conceived, developed, and introduced, and overall sociotechnical landscapes“ 
(Rip and Kemp, 1998:338).

Whereas some traits of the regime may be defined at a national level, such as 
national laws and standards, others have a specific regional character. For instance, 
as lignite mining and energy generation mostly take place in close proximity, we 
find a concentration of several industries dependent on fossil fuels at a sub-national 
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scale. As already argued, also informal institutions, social norms and behaviour may 
vary regionally. One example for this may be lignite mining regions, where RE are 
considered a threat to conventional energy generation and therefore might negatively 
impact incumbent job profiles. Therefore, this paper distinguishes the national 
dimensions of a regime from the local and regional ones.

5.2.3 Socio-technical landscape level
The sociotechnical landscape is described by overarching factors impacting both 
niches and regimes and has an influence on the overall transition dynamics (Geels, 
2002). As a general characteristic, landscapes are beyond the direct influence of 
actors located at the level of specific regimes or niches (Geels, 2005). Developments 
on the landscape level encompass global trends such as climate change or resource 
availability. These developments may contest an existing regime (climate change 
and fossil fuel availability question the existing regime of carbon intensive electricity 
generation) and therefore, create windows of opportunity for niches to develop.

5.3 Data collection
The objective of this study is to assess regional patterns of niche formation and regime 
interdependencies in the context of RE development for the Aachen region.

The analysis of the regional transition path is conducted using an MLP, enriched by 
spatial embeddedness and multi-scalarity. By describing the past (mainly since the 
1990s) and current regional situation and factor endowment, lessons can be drawn 
to further support the adoption of RE in the region.

We use quantitative data from e.g. economic analyses (integrating the geographical 
situation such as solar or wind potential and the environmental benefits of RE), 
regional energy assessment studies, and a population survey (in 2017) about the 
energy transition in the region.79 As for the relevance of informal institutions, we use 
qualitative narrative research in order to reconstruct the regional pattern that explains 
the diffusion of RE (Lieblich et al., 1998; Andrews et al., 2013). Data sources are project 
workshops and conferences about future energy scenarios for the region, interviews 
with stakeholders regarding the regional energy transition, and newspaper articles.

79 In the following results of the population survey in 2017, only answering interviewees are taken into 
account.
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Data have mostly been gathered in the regional dialogue, energy transition render, that 
started in 2015.80 The project incorporated a multidisciplinary approach, as especially 
in complex challenges affecting multiple dimensions, such as energy transition, 
an integrated analysis is needed. To transfer the knowledge gained into practical 
implementation, the project used a transdisciplinary approach, as well. The render 
project core group was formed by actors from science and consultancies, as well as 
practitioners from the administration and the energy sector (i.e. utility companies). 
An extended public expert group was formed by further participants and actively 
promoted (render, 2018). The group participated in various workshops, acting as 
a forum and contributing to activate other relevant regional stakeholders. These 
other stakeholders were a heterogeneous group of actors such as politicians, energy 
companies, civil society (also RE opponent groups), administrative groups, chambers 
of commerce, associations, scientists, etc.

5.4 Managing the energy transition in the 
Aachen region
This section follows Geels at al. (2016) and structures the description of the energy 
transition in the region by looking at actors and institutions first and technologies 
second. The same structure applies to the description of regime (Section 5.4.1) and 
niche (Section 5.4.2). A summary of findings is also provided (Section 5.4.3).

5.4.1 Regime dynamics
The Aachen region is one of the oldest European mining regions where black coal 
was mined until 1997 (Bergbaumuseum Grube Anna, s.a.). Lignite is still exploited in 
the lignite mine Inden and used for energy generation in the power plant Weisweiler, 
operated by RWE Power AG. A Location Quotient (LQ) of 2.5 indicates the specialisation 
of the Aachen district in coal mining in comparison to the federal state North Rhine-
Westphalia and illustrates significance of the lignite industry in the region.81 Indeed, 

80 The project was part of the Research for Sustainable Development (FONA) programme of the German 
Federal Ministry of Education and Research targeting sustainable development challenges. The first 
author was part of the project team. The view of the authors does not automatically correspond to 
the view of the project render.

81 The location quotient (LQ) illustrates the specialisation of the region by comparing employment of a 
spatial unit (e.g. municipality, district) with a superordinated spatial unit (e.g. federal state or country). 
A location quotient less than one illustrates a lower significance of a sector in a region, and a quotient 
larger than one a higher significance than in the superordinated spatial unit. The data source for the 
calculation of the location coefficient is Bundesagentur für Arbeit (2017).
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one of the main challenges for the Aachen region is the phase-out of the Inden mine 
and of the power plant Weisweiler, both planned for 2030.

5.4.1.1 Actors and institutions
Relevant regional actors include the association Zukunftsagentur Rheinisches Revier 
which was founded to manage the regional structural change, to overcome the related 
challenges, and to promote new economic development. The district of Aachen, the 
Aachen Chamber of Commerce, the Chamber of Crafts, and the region of Aachen 
are all associates of the organisation (IRR, 2019). Furthermore, mining and energy 
generation form part of the cultural identity in the region and people are proud of 
their heritage. In particular, mining associations aim at preserving the mining traditions 
(Landesverband der Berg-und Knappenvereine NRW, 2019). Finally, the organisation 
Energy Hills e.V., headquartered in the Aachen district, is the largest, energy-related 
network of universities, research institutes, and companies at the European level. Its 
members from outside the district of Aachen, are mostly located in the Rhineland and 
in the Netherlands (Energy Hills e.V., 2017).

As for formal institutions, we note that the Chamber of Commerce (IHK Aachen), whose 
objective is to support the regional economy, lists standards such as energy security, 
lignite, and inexpensive energy among the defining factors of a future energy regime 
in the region. The Chamber has to balance the interests of its member enterprises, 
which are actively involved in the renewable, but also in the fossil-based energy sector 
(IHK Aachen, 2014).

5.4.1.2 Technology and institutions

Lignite
The lignite phase-out after 2030 will be a challenge for the energy industry in the 
region. The lignite plant Weisweiler generates a gross amount of 15.3 TWh of electricity 
per year as well as heat, since a combined heat and power system is integrated in the 
plant (RWE Power AG, s.a.). The debate so far can be described with reference to the 
public opinion, on the one hand, and the alternative technological opportunities, on 
the other.

At the Hambach lignite mine in the district of Düren, there is a strong protest coalition 
against the use of lignite for energy generation and the destruction of the Hambach 
forest. The conflicts between protesters and the law enforcement forces have initiated 
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a nationwide debate about the exploitation of lignite. The media even compared 
the 2011 Fukushima disaster, a significant event that nurtured the German nuclear 
phase-out, to the lignite protest that may eventually support a rapid lignite phase-
out (Flauger, 2018; Gries, 2018). The German commission of coal, which envisaged to 
end the exploitation of coal by 2038, advised not to further promote the use of the 
Hambach forest (ARD, 2019). Under pressure from politics and the media, RWE agreed 
not to clear the forest until autumn 2020 (Aachener Zeitung, 2019a).

However, there are also supporters of the lignite industry. An analysis conducted 
of newspaper articles and comments of the readership reveals a conflict between 
supporters of lignite and opponents, representing the struggle between the current 
energy regime and the evolving niche in the region (Aachener Zeitung, 2019b; 
Aachener Nachrichten, 2018). Interestingly, the Chamber of Commerce, which has 
openly promoted the lignite industry in the past (to ensure supply security against 
the intermittent energy generation from wind power and PV, and as a pillar of the 
local economy) (IHK Aachen, 2014) has recently changed its position. The Chamber of 
Commerce now calls for an energy transition, albeit by underlining stable and secure 
energy supply and affordable energy costs (IHK Aachen, s.a.b). In this regard, it is 
important to observe that there are economic challenges linked to the phase-out: in 
2009, approximately 2,672 employees worked in the lignite industry (the mine Inden 
and the power plant), which is therefore accountable for 0.2 jobs per GWh electricity 
generated (Jenniches et al., 2019). Fearing unemployment, miners demonstrated 
against the lignite phase-out in 2018, even as they admitted that the energy transition 
may be necessary (Aachener Nachrichten, 2017).

The possibilities of substituting lignite by wind and PV was evaluated by Memmler et 
al. (2014). They state that electricity generated by wind and PV substitute lignite only 
by a small proportion in Germany. However, if storage capacities for RE existed, full 
substitution may be possible. Notably, according to a population survey, only 8% of the 
interviewees opt for a very significant or significant role of lignite development in the 
district of Aachen whereas 79% did not see it as important. Interestingly, in the parts 
of the region where the lignite mine is situated (Eschweiler/Stolberg), this number is 
only a bit lower (69%) (RISP, 2017).

Nuclear Power
The German nuclear phase-out by 2022 was determined by the German government 
in 2011 (Presse- und Informationsamt der Bundesregierung, 2018). Nuclear energy 
is not generated in the region and research activities at the Jülich Research Centre 
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currently focus on nuclear safety, decommissioning, and waste management of 
nuclear energy plants. Nuclear safety is a big concern, because of several incidents 
at the Tihange 2 nuclear plant (near Liège, Belgium) located approximately 60 km 
from Aachen (Städteregion Aachen, s.a.a). Landscape developments such as the 
Fukushima nuclear disaster in 2011 led to a growing public concern about nuclear 
safety that strengthened the pressure on the regime. For instance, the district of 
Aachen requested a safety report which revealed the risk of contamination in case of 
nuclear fallout caused by a nuclear accident (Arnold et al., s.a.). Moreover, in 2016 the 
district of Aachen in cooperation with the municipality of Maastricht (The Netherlands) 
and the city of Wiltz (Luxembourg) filed a law suit against the State of Belgium, the 
Belgian Nuclear Safety Agency (FANK), and the operating company Electrabel S.A. 
to achieve the shut-down of the Tihange nuclear plant (Städteregion Aachen, s.a.a). 
Around the same time, Belgian, Dutch, and German Civil movements supported the 
shut-down of Tihange and Doel (near Antwerp, Belgium) with a massive movement 
and protested with a human chain (Norddeutscher Rundfunk, 2017). Against the 
background of the safety concerns in the Belgian nuclear plants, the interviewees of 
the population survey in 2017 widely (85%) disagree with the statement that relying 
on nuclear energy would be inevitable in the future (RISP, 2017).

5.4.2 Renewable niche innovations
The render project estimated that in the district of Aachen only 16% of the electricity 
consumed in 2017 was generated from RE (render, 2018). This is less than half of the 
German average of 36% and clearly shows the urgent need for a lignite phase-out 
and a RE transition. Interestingly, regional actors (such as politicians or civil society 
organisations) involved in the render project were quite disappointed as they learned 
about the comparatively low performance of the region: in their heuristic view, 
the region performed rather well from an environmental perspective (indeed, the 
assessment also indicated that the regional climate change mitigation targets would 
not be met by the current development dynamics). The view of these actors is partly 
explained by the region’s role as an early mover in institution building for RE and by 
the region’s role in research and development in the energy sector, leading to the 
perception that the regional engagement in RE developments may be significant 
(IHK Aachen, 2014).

This section describes in more detail the regional, innovation niche pertaining to RE 
technologies. The struggle between the regime and the niche is analysed by looking 
at the interplay of actors, institutions, and RE technologies, where we focus on wind 
and rooftop PV as the most important technologies.

5
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5.4.2.1 Actors and institutions
One of the characteristics of the German energy transition is that energy market 
incumbents play only a minor role in the promotion and operation of RE plants. 
In 2013 nearly half of the plants were operated by citizens (i.e. private persons and 
cooperatives), whereas only 12% were owned by utility companies in Germany 
(Agentur für Erneuerbare Energien, 2014b). In the Aachen district citizens operate the 
majority of renewable power plants as well (render, 2016). This is different to other 
countries where the energy transition is significantly steered by incumbents (e.g. 
the UK). Instead, new local actors (private persons or energy cooperatives) enter the 
market and challenge existing professional business models (Geels et al., 2016). Faced 
with decreasing stock values (finanzen.net GmbH, 2019), energy incumbents recently 
founded RE branches such as Innogy (formerly RWE) or, in the case of E.ON, outsourced 
their fossil energy generation branches into new companies (i.e. Uniper SE). Another 
important stakeholder in the region is the PV initiative Solarenergieförderverein (SFV), 
which played a key role in the niche formation process. Finally, a wide network of 
environmental protection groups is active in the region (Liesenfeld et al., 2015).

From a political perspective, the relatively high importance of environmental topics 
is evidenced by the 14% share of the green party in the parliament of the district of 
Aachen (Städteregion Aachen s.a.b), which is more than double compared to the state 
North-Rhine Westphalia (Der Präsident des Landtags NRW, s.a.). As for the local (i.e. 
municipal) administration, the district of Aachen is in a relatively strong position to 
take over a coordinative role for the whole district (Stachowiak, 2016).

Concerning R&D and qualification, the region is known as an important (energy-)
technology hub. The strong focus on engineering and research is demonstrated by the 
presence of several universities (the university RWTH Aachen, the University of Aachen 
research campus, and the Aachen University of Applied Sciences), three Fraunhofer 
Institutes, and the Jülich Research Centre (JRC), as well as several technology and 
engineering institutes (Lühr et al., 2017). A location quotient of 5.3 for research and 
development in the Aachen district and of 13.7 in the district of Düren underlines 
the regional specialisation.82 In fact, the region is referred to as the Technologieregion 
Aachen (technology region Aachen). This term is used, for example, by the economic 
development agency AGIT and other officials (AGIT, s.a.; MWIDE NRW, s.a.). The focus 
on research and engineering, a high interest in technological developments, and the 

82 As the main part of the employees in R&D in the district of Düren work at the Jülich Research Centre, 
R&D activities are organisationally more concentrated than in the district of Aachen, which has, how-
ever, an organisationally more diversified R&D community.
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identification and self-perception as an (energy-)technology region are all part of the 
daily culture and may be regarded as a regional narrative that influenced the niche 
formation and continues to drive the regional energy transition.

For the future energy system, a population survey reveals high support (95% 
of answering interviewees) for the development of RE. In addition, 93% of the 
interviewees support the implementation of policy recommendations that have 
been evaluated by research projects like render. This shows how informal institutions 
strongly support and create legitimacy for such a transition (RISP, 2017).

Among the formal institutions which are relevant for the niche dynamics, environmental 
targets play, a relevant role. A number of international climate mitigation targets have 
recently been transferred to a national and even regional scale. These targets can be 
regarded as a formal institution. The Aachen district, decided to envisage a reduction 
of CO2 emissions to 40% in 2020 and 80% in 2050 in comparison to 1990 (Städteregion 
Aachen, 2011). Furthermore, the district set a target share of 75% of RE to be achieved 
in final energy consumption by 2030 (Städteregion Aachen, 2015). To evaluate the 
achievability of this target, the future electricity consumption in 2030 was estimated 
within the render project.83

Electricity consumption is projected to decrease only slightly from 2,968 GWh in 2013 
to 2,763 GWh in 2030. To achieve a 75% share of renewable electricity, approximately 
2,050 GWh of electricity should be generated by renewable sources. In turn, meeting 
the 75% goal exceeds the 80% CO2 emission reduction target in the electricity sector 
and fulfils, therefore, both regional targets (Donner, 2016).

Conclusively, the analysis shows strong actor coalitions as well as institutions in favour 
of RE. Potential barriers hampering RE developments currently and eventually in the 
future will be illustrated by the technology specific evaluation conducted in the next 
subsection.

5.4.2.2 Technology and institutions
Before evaluating potential RE developments, it is important to analyse whether the 
75% target is achievable in the district of Aachen. This illustrates an aspect of the socio-

83 The render project focused on electricity generation. However, noted that an overcompensation in 
the electricity sector is needed to fulfill the target for the sectors heat and transport as well.
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spatial embeddedness of RE developments as they depend on the geographic factor 
endowment (e.g. irradiation, wind potential, and available spaces).

The theoretical potential of all technologies is 5,900 GWh84 which is 2.2 times the 
electricity consumption in 2030 (Figure 5.2). This potential excludes locations where 
the development of plants affects environmental concerns such as nature conservation 
areas.

Figure 5.2: Electricity generation potentials from renewable sources in the district of Aachen 

per technology (Source: own calculation based on LANUV (2013) and an analysis using a geo-

graphical information system (GIS) tool developed in render)

The achievability of the 75% target for electricity generation was communicated in the 
region by the render project (render, 2018) in order to encourage regional stakeholders 
to proceed in the regional energy transition and to weaken arguments of RE opponents 
who consider the target as unrealistic. However, the mere geographical potential is 
a necessary precondition, but not a sufficient one, as economic (e.g. profitability of 

84 The analysis of the regional energy generation potentials was carried out, based on a geographic 
information system (GIS) tool which was developed in the render project, taking plant lifetimes, future 
space requirements, and efficiency gains based on Fraunhofer ISE (2015) (for PV) into account.
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plants) issues and the institutional setting (such as laws for planning regulations and 
zoning), and social (e.g. acceptance issues), have to be considered as well.

The introduction of a cost covering compensation for the operation of plants, as the 
predecessor of the feed-in tariff is the success of an initiative in the region. It was 
driven by the technology PV and highly depended on the activist Wolf von Fabeck 
and the local solar energy support association Solarenergieförderverein (SFV) which 
may be considered as change agents (Pastakia, 1998; Cerf, 2011), catalysing formal 
institution building for cleantech. From an environmentalist perception, von Fabeck 
realised the urgent change that was needed to avoid air pollution that was caused by 
fossil energy generation (Rubner, 2005). As he studied mechanical engineering, he had 
a technical understanding that enabled him considering technical solutions, where 
he discovered PV as an alternative to conventional energy generation technologies 
(Rubner, 2005). von Fabeck and other activists demonstrated the feasibility of PV 
on public squares in the Aachen region by showing that with solar panels, electric 
devices could be operated, which attracted the interest of citizens. This interest in 
engineering and enthusiasm for innovative technologies (Rubner, 2005), as described 
in the regional narrative, led to the conviction that the technology worked and had to 
be promoted. That was the birth of an initiative for the full cost compensation for RE, 
the so called Aachener Modell, which later was adopted by the German feed-in tariff 
(Morris and Jungjohann, 2016; von Fabeck, 2014). These events induced a conflict 
between employees of RWE and supporters of RE in the region (von Fabeck, 2014), 
hindering the implementation of the full cost compensation. As a result, the full cost 
compensation was introduced in other cities first, before Aachen, although the idea 
originated from there (Morris and Jungjohann, 2016).

Rooftop PV
Rooftop PV developments generated 73.2 GWh of electricity in the year 2017 in the 
district of Aachen. The potential for rooftop installations will dramatically increase 
due to efficiency gains (Fraunhofer ISE, 2015), which will save on space consumption 
for installed capacities. When current plants are deinstalled, they will provide space 
for more efficient plants. The potential is 957 GWh annually by the end of 2017 and - 
without further developments - 1,276 GWh annually by 2030 (46% of the electricity 
consumption in 2030). In relation to other regions in North Rhine-Westphalia, the 
Aachen region has excellent conditions for PV development (Jenniches and Worrell, 
2019).
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In 2018, the electricity generation costs - Levelized Cost of Electricity (LCOE) - of PV 
in the district of Aachen are estimated at €0.09/kWh for small rooftop plants which 
are typically installed on single family homes and €0.07/kWh for larger rooftop plants 
which are installed on commercial and public buildings.85 The technology provides 
for economic benefits as plants installed in 2014 generate a value added of €196/
kW86, employment of 0.63 person years87 per GWh in 2014. Positive environmental 
effects exist with avoided net greenhouse gas (GHG) emissions of 0.7 kgCO2-eq/kWh 
generated and avoided air pollution of 0.6 gSO2-eq/kWh in 2014.88 These effects have 
been monetised summing up to €55/kW of avoided CO2 (Social Costs of Carbon; SCC) 
and €9.26/kW of avoided air pollution. Thus, the positive economic and environmental 
effects are €260-277 per kW installed in 2014 (Jenniches and Worrell, 2019). Future 
PV markets will mostly rely on self-consumption of electricity, which is since 2012 
more profitable than demanding a feed-in tariff especially in buildings with a constant 
electricity demand (e.g. supermarkets, farms, or industrial estates). Lower system 
costs, which are expected to decline by 62% in 2030 compared to 2010 according 
to Schröder et al. (2013) and prospected rising electricity prices (Schlesinger et al., 
2014) make PV even more profitable. Storage of electricity, which is currently still too 
expensive for some projects will become profitable on a larger scale due to lower 
system costs (Hubik, 2015). Furthermore, people have an enhanced connection to 
energy if they produce, consume (prosumer; Reinsberger and Posch, 2016) and share 
it in their community, instead of being just a consumer. That is supposed to foster 
energy efficiency.89

The population survey reveals great support for PV with 79% of the interviewees 
rating future PV developments in the district of Aachen as very important (55%) or 
important (24%) which makes it the most important energy generation technology 
(RISP, 2017).90 Therefore, from a sustainability perspective, rooftop PV meets economic, 
environmental, and social objectives.

85 Average value for Germany, based on Kost et al. (2018), as the LCOEs may be project specific.
86 The regional economic value added is a measure for the economic benefits in a region and consists 

of profits (after taxes) of regional enterprises, net income of employees of regional enterprises, and 
regional taxes (Jenniches and Worrell, 2019).

87 This figure includes employment of large rooftop plants only.
88 The net avoided emission takes into account the emissions of the technology as well. For a detailed 

analysis see Jenniches and Worrell (2019).
89 In that case, there is a discussion about the rebound effect of more consumption because of allegedly 

cheaper energy from renewable energy generation. Oberst et al. (2016) evaluate the rebound effects 
of prosumers. However, the question could not be properly answered and more research is needed.

90 Other technologies were lignite, biomass, CHP, open-space PV, and wind power
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Storage
One flagship storage project in the region is the 5 MW storage system M5BAT, which 
is integrated into the local grid, where researchers from various institutes and private 
companies test the applicability of such storage systems in the field (E.ON SE, 2017). 
Another project is the planned low emission area Richtericher Dell mainly for employees 
of RWTH Aachen Campus, where generation, consumption, storage, and distribution 
solutions for RE are planned to be implemented. This has been evaluated in a scenario 
process by the render project with multiple stakeholders (Stawag, 2017). A big chance 
for RE and especially PV is the increasing development of e-mobility, providing storage 
opportunities that may make the investment in PV more profitable. Aachen takes 
a special position as a testing region for e-mobility. Moreover, two important local 
manufacturers (e.go and StreetScooter) whose models have been developed in 
cooperation with RWTH Aachen University are located in the region.

Wind Power
Wind energy generation in the district of Aachen amounted to 371 GWh in the 
year 2017 which is 5 times higher than rooftop PV and makes it the most important 
renewable electricity source in the district of Aachen. The generation potential in 
2017 is 3,748 GWh91 and will increase to 3,793 by 2030 due to the decommissioning 
of plants as well as increased efficiency. If the potential can be fully exploited, it will 
exceed electricity demand by 1.4 times (Figure 5.2), which makes wind power the most 
important and most promising RE technology.

Economic effects of plants installed in 2017 are a value added of €95 per kW in 2017 
and employment effects of 0.08 jobs per GWh electricity generated. Environmental 
benefits in 2017 are avoided GHG emissions of 0.7 kgCO2-eq/kWh generated and 0.6 
gSO2-eq/kWh of air pollution (Memmler et al., 2017). Monetising the environmental 
effects leads to €208/kW of avoided CO2 and €30-87 per kW of air pollutants.92 Total 
effects are therefore €332-389/kW for plants installed in 2017 (Jenniches et al., 2019).

A very strong or strong approval of wind power developments near the place of 
residence is expressed by 60% of the interviewees, which is a higher approval than 
for biomass, but a lower approval than for open-space PV. However, with 58% of 
interviewees fearing very big or big conflicts with wind power developments, the 

91 The potential has been calculated by taking wind concentration areas, wind potential areas, and 
other spaces into account. Furthermore, municipalities provided reasons, why they did not favour 
wind power developments on specific sites.

92 Not every particular air pollutant could be monetised.
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conflict potential is the highest. The most often named negative effects are noise, 
followed by wind power plants’ visual impact on the landscape. Wind energy 
developments are rated as very important or important for the district of Aachen by 
77% of the interviewees in 2017 (RISP, 2017).

Although the support for wind energy is generally high among the population, 
project specific protests may successfully hinder wind power developments. An 
example are protests against wind power in the small village Schevenhütte, which 
stopped wind farm plans of a local energy company. The reason behind protests 
was that locals were annoyed by another large-scale project (a dam) which was built, 
although the population was against it. This supported the protests against the wind 
farm. However, they admitted that they would reconsider their position if they could 
participate financially (Interviewee A, 2019). Moreover, the wind farm was supposed 
to be built in a forest which evoked protests because of environmental concerns 
(Müller, 2016). Furthermore, the visual impact on the landscape was criticised. These 
points illustrate the importance of the informal institutional norms and values in 
the region, as environmental concerns, as well as fairness and social justice play a 
role in the development of wind power. This supports previous research on wind 
power acceptance (Gross, 2007; Wolsink 2007; Wüstenhagen et al., 2007). Although 
wind power developments are regulated by public participation in the building 
authorisation process, participation - even in the region - is quite low (RISP, 2017) and 
protests take place even if decisions have already been made. A negative example are 
the protests against the railway project Stuttgart 21 in Southern Germany (BMU, 2017b; 
Stüer and Buchsteiner, s.a.). This calls for integrating the public in an alternative way to 
enable more efficient planning and project development processes. That is supported 
by the citizens, where 80% of the interviewees state that they see additional and 
alternative modes of participation in planning processes as at least important and 81% 
say that they would eventually participate in such alternative participation processes. 
Moreover, 47% of the interviewees in the district of Aachen want the citizens to have 
direct decision possibilities instead of letting the regional parliaments and councils 
decide (RISP, 2017).

R&D activities in the region are carried out, for example, at the Center for Wind Power 
Drives at RWTH Aachen University and at a small wind turbine manufacturer located 
in the region. For large wind power plant manufacturing, where German enterprises 
still hold a large market share, there are no Original Equipment Manufacturers (OEM) 
located in the region and it may be resource intensive to catch up in knowledge and 
manufacturing expertise and building a distribution network compared to other 
established actors in the market.
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5.4.3 Summary of findings
Current developments in the regime and the niche illustrates that the current electricity 
regime is challenged and under heavy pressure. As the German nuclear phase-out is 
set for 2022, and nuclear power is, moreover, not generated in the region, it does not 
play a significant role. However, there exists the fear of fallout caused by the nearby 
Tihange 2 nuclear plant. The population strongly supports the nuclear phase-out, 
and we cannot find strong and powerful actor coalitions in favour of nuclear energy 
(Städteregion Aachen, s.a.a; RISP, 2017). This is where RE may be presented to regional 
actors as an alternative to nuclear energy.

The vast majority of the population also sees no future for power generated by lignite. 
A symbol of resistance of the population against the destruction of nature and use 
of lignite, demonstrating environmentalist culture in the region, is the Hambach 
forest that led to a public debate, even on a national scale, questioning the further 
exploitation of lignite. As the phase-out in the region will be in 2030 (RWE Power AG, 
2009), lignite will not play a significant role in the future energy generation system, 
making the region an example for an early transition, which is supposed to happen 
nationwide in 2038.

In the region, we still find a cultural identification with mining. A new paradigm is 
visible in the changed positions and actions of traditional regime incumbents such as 
the Jülich Research Centre, the IHK Aachen, and even RWE (Innogy), who now support 
the niches as well. The Aachen region is even presented as a successful economic 
transition region to other regions such as the Ruhr area, where hard coal mining ended 
in 2018 (ARD, 2018). To conclude, the highly challenged electricity regime in the region 
provides a window of opportunity for RE due to the phase-out of technologies and 
their decreasing acceptance.

The early emergence of cleantech in the region is explained by the spatially-embedded 
factors, environmental consciousness and a distinguished culture of technological 
interest. The fact that actors outside the region took on the idea of a full cost 
compensation accounts for the multi-scalarity of sustainability transitions. Moreover, it 
illustrates the struggle between the niche and the regime, which hampered the niche 
formation in the region, but regime inertia was finally overcome by public pressure. 
R&D activities have shifted from a focus on PV towards other research areas to grid and 
storage, as in the overall trend in the German PV industry (Binz et al., 2017b; Quitzow, 
2015; Dewald and Fromhold-Eisebith, 2015).
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The following integrated summarising evaluation of RE technologies (Table 5.1), 
allows the evaluation of their disadvantages and advantages, which one can build 
upon to stimulate the development of RE. Due to the different characteristics of 
RE technologies, technology specific regional strategies are needed. Wind power 
electricity generation is cheaper than PV and the environmental benefits are higher. 
Moreover, the region cannot fulfil its energy and emission mitigation targets without 
relying on wind power. PV has a slightly higher acceptance than wind power, but far 
more regional economic benefits in terms of value added and employment effects. 
Developing PV is, therefore, an important strategy to compensate the future regional 
economic losses in the lignite mining industry, which may be a barrier for phasing out 
lignite faster (Aachener Zeitung, 2019b), that is also indicated by several stakeholders, 
including the employees of the lignite industry.

Table 5.1: Comparison of sustainability indicators of PV and wind power in the district of Aachen

Dimension Indicators
Technology

Rooftop PV Wind Power

Economic

LCOE
€0.07/kWh (large)-

 €0.09/kWh (small)
€0.06/kWh

Regional Employment93
0.63 person years/

GWh

0.08 person years/

GWh

Value Added €196/kW €95/kW

Environmental

Value of avoided CO2 

Emissions
€55/kW €208/kW

Value of avoided air pollution €9-26/kW €30-87/kW

Economic and Environmental effects €260-277/kW €332-389/kW

Social Support of developments94 79% 77%

(Sources: LOCE of wind: Jenniches et al. (2019); LCOE PV (average value for Germany): Kost et 

al. (2018, modified); GHG emissions and air pollution: Memmler et al. (2014, 2017), GHG prices: 

van den Bergh and Botzen (2017, modified); cost of air pollution: EEA (2014, modified); regional 

employment: wind power: Jenniches et al. (2019), PV: Jenniches and Worrell (2019)

To conclude, from a sustainability perspective, the development of both PV and 
wind power is beneficial as there are no economic or environmental barriers, and are 

93 Assessed in 2014 for PV and in 2017 for wind power
94 Measured by the share of respondents rating the further development of a technology as very im-

portant or important
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supported by the public (Table 5.1). Therefore, building on the institutional setting in 
the region may support further developments of RE in the region, which is illustrated 
in the following (Section 5.5).

5.5 Conclusion, policy implications, and recom-
mendations for future research
Targeted policy implications are formulated based on the analysis of barriers and 
supporting factors of the energy transition. This acts like a blueprint for transition 
analyses, which is applicable to other regions as well.

The strong focus on research and development in energy as well as the region’s role in 
the early periods of the German energy transition has led to the illusive self-perception 
of local actors that the region performed better in RE development than it was the 
case. In this regard, actors were not informed properly about the actual achievements 
of energy generation targets and were misled by the region’s role in R&D which made 
them think developed technologies were used in the region as well. This is where 
the regional perception culture triggered by the achievements in technology and 
engineering, led to misperceptions about the status quo in RES developments. This 
slowed the energy transition in terms of development achievements as they were not 
soundly assessed, nor critically questioned and, therefore, overestimated.

Consequently, transparent monitoring of the energy transition on a digital platform 
involving information on the location of plants, energy consumption and generation, 
status quo of development, and climate protection goals, should be implemented 
as a policy measure (render, 2018). This information platform provides a realistic 
assessment of the fulfilment of the transition objectives. Ideally, this platform is hosted 
by a trustworthy independent organisation, enabling objective monitoring.

Economic and environmental impacts of RE developments (Table 5.1) should be 
continuously investigated and presented to decision makers (i.e. public administration, 
citizens, politicians, regional enterprises) to illustrate the benefits of RE developments. 
Presenting these benefits relates to the local informal institutions, a culture of technical 
interest of the population and environmental consciousness. Such assessments which 
strengthen the legitimisation of the energy transition may also be implementable in 
other regions.

Environmental concerns and the visual impact on landscapes, which are rooted in the 
environmentalist culture in the region, are barriers to the implementation of wind 
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power developments and have to be taken seriously by decision makers. Therefore, 
developments should be decided on a more participative basis to identify the least 
controversial sites. In this regard the trade-off between the environmental impact 
of wind power and climate change mitigation should be properly investigated. To 
design informal and formal planning processes more efficiently and inclusively, the 
public participation which is obligatory in planning processes in Germany should 
redesigned. Ideally, the advantages and disadvantages of individual projects should 
be analysed and presented by a neutral institution (e.g. by illustrating projects on the 
above-mentioned digital platform) (Engelbert et al., 2017). Another form are citizens’ 
reports, where planning processes of projects are taken over by private persons. In this 
format, ordinary citizens give advice on projects with the support of professionals (e.g. 
spatial planners, biologists), to enhance participation and acceptance (Gesellschaft 
für Bürgergutachten, 2017). Fairness and social justice concerning a distribution of 
negative and positive impacts is essential in projects that affect citizens (Rupert-Winkel 
et al., 2013). Consequently, compensation measures, which include at least financial 
participation of residents in nearby wind farms should be implemented to foster the 
acceptance of the energy transition. A best practice example has been implemented in 
the federal state Mecklenburg-Vorpommern where the right to buy RE project shares 
for citizens or comparable compensation measures has been made compulsory by 
law (Gotchev, 2016). Regions facing similar challenges in participation processes may 
also make this solution. There is further research needed on how to overcome public 
resistance of the energy transition in a fair way.

Although the centre of PV R&D has shifted to Asia, research institutes in the region 
do research on future challenges of the energy system such as infrastructure, grid, 
and storage. The fact that Aachen is a testing region for electricity storage as well 
as e-mobility, for example, demonstrates the regional capability to take part in 
experimentation and knowledge diffusion for cleantech industries. These activities 
in the region will further nurture the citizens’ regional perception as a cleantech region 
and support informal institutions of embracing new technologies in the future. Using 
the socio-spatially embedded institution of a technology culture may, therefore, be 
used to support the energy transformation. A concrete measure based on this culture 
may be the promotion of further intermitted electricity generation and consumption 
on a local scale (prosumer). In this regard, providing room for experimentation with 
new technological applications is, therefore, seen as a big chance for the region.

To conclude: the socio-spatial embeddedness of energy generation and consumption, 
environmental consciousness, and a culture embracing technological progress led to 
the early mover position of the region in renewable energies. Building on that culture 
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with tailored measures will support further niche developments in the region. This 
makes the region an example for other German regions in the energy transition, with a 
similar culture of embracing technological advancement (e.g. some regions in Baden-
Württemberg). Further research should, therefore, take a more local and regional view 
and consider socio-spatially embedded institutions to further gain an understanding 
of individual barriers and drivers of the energy transition. This understanding is a 
prerequisite to identify adequate policy measures for the further development of 
renewable energies.
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6.1 Summary of the results
An increasing deployment of renewable energies is an effective strategy for tackling 
one of the most important challenges of our common future: climate change 
mitigation. In most OECD countries, decisions regarding the implementation of 
renewable energies are taken on local or regional scales. This is due to the far-reaching 
local and regional autonomies in terms of planning for land use and the decision-
making powers of regional stakeholders such as citizens, politicians and enterprises. 
As the economic and environmental benefits of renewable energies are supportive 
factors for further developments, decision-making instruments and investigations 
into impacts are necessary to provide sound investigations of the effects of renewable 
energies on local and regional scales. Most studies in the literature that assesses the 
economic impacts of renewable energies investigate employment effects or other 
economic effects such as regional taxes or salaries of employees.

The indicators to be evaluated depend on the research aim and the target group of 
the assessment. Politicians or the local media, for example, are mainly interested in 
the effects on employment, while economic development organisations may be more 
interested in the precise economic impacts in terms of the gross regional domestic 
product (GRDP) or the value added. In addition to these indicators, the size of the 
region or the time for the occurrence of effects (i.e. current or future) are decisive 
when it comes to selecting an adequate assessment method for measuring the 
regional economic effects of RES. Based on that information, a tailored assessment 
methodology may be chosen to conduct a comprehensive assessment of the regional 
economic impacts of renewable energies (RQ 1: What is the most suitable method for 
evaluating regional economic effects of renewable energies?). This thesis contributes to 
existing studies as there is no comprehensive overview on the advantages of individual 
methods to efficiently evaluate the regional economic impacts of renewable energies. 
The overview provided in the thesis may be used as a decision support instrument 
for practitioners in the field when choosing a suitable assessment method. Moreover, 
if the presented overall impact assessment guideline is considered, the validity of 
assessments is enhanced which may lead to a higher appreciation of the chances of 
deploying renewable energies in a region by decision makers.

The most efficient method for evaluating the regional economic effects of renewable 
energies depends on the aims, conditions and indicators being assessed, where one 
can distinguish between economic indicators (i.e. employment or other economic 
effects) and the size of the region to be analysed, such as small (<= NUTS 3 for regions 
in the EU) and large (> NUTS 3 for regions in the EU), as well as the times of the impacts 
(i.e. current or future impacts).
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The thesis finds that RIOTs are the most efficient instrument for assessing current 
economic or employment effects in large regions (e.g. NUTS 1 in the EU or states in the 
US). A CGE model is the most suitable instrument for evaluating future employment or 
economic effects in these regions. Employment ratios are suitable for assessing current 
employment effects on small regional scales. The current and future economic effects 
of renewable energies in these small regions can be assessed most efficiently through 
a supply chain analysis. To sum up, in large regions with extensive statistical databases, 
economic models such as RIOTs or CGEs that rely on regional statistical data may be the 
most suitable, whereas in smaller regions analytical models like employment ratios or 
supply chain analyses lead to more precise results. A limitation of the research carried 
out in the thesis lies in the fact that the methods of analysis concern only instruments 
that evaluate the quantitative economic effects of renewable energy developments. 
An analysis and a comparison of methods for assessing other qualitative economic 
effects such as the regional innovation capability in the cleantech sector, which lead 
to further economic chances in terms of employment and export potentials, are not 
considered.

In addition to the economic impacts, environmental effects, such as avoided 
GHG emissions leading to reduced damages on ecosystems or a reduction in air 
pollution that has positive effects on public health, are additional macroeconomic 
benefits of investing in renewable energies. By monetising these benefits, the thesis 
presents an illustrative and comprehensive assessment of the positive economic 
and environmental benefits for the technologies with the largest renewable power 
generation potential in Germany (PV and wind power) (RQ 2: What regional economic 
and environmental effects are generated because of the development of solar PV and 
wind power?). In doing so, the view of decision makers on the full impacts of renewable 
energies is broadened. Moreover, in the comparison of various studies, the evolvement 
of the wind and PV market are highlighted which enables a better understanding of 
the impacts of PV and wind power over time and the dynamics in the markets.

The regional economic and environmental effects of PV and wind power may be 
assessed for each region individually because of specific geographical conditions (e.g. 
solar irradiation, wind power potential, or the availability of local cleantech enterprises) 
that affect the results. Based on the outcomes of Chapter 2, the comparison of the 
assessment tools for economic impacts reveals that a supply chain analysis is the most 
suitable method for analysing the current economic impacts of renewable energy 
developments in a small region such as the district of Aachen in Germany.

6
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In the case of rooftop PV, the results of studies in the field vary because of individual 
calculation methodologies, a decreasing value added in time because of lower system 
investment costs resulting from learning effects and declining feed-in tariffs. Because 
feed-in tariffs are usually lower than the electricity prices, we find that, mainly since 
2012 in Germany there has been a market shift from business models based on fixed 
feed-in tariffs for generated electricity to self-consumption. In the district of Aachen, 
where the regional economic and environmental effects of PV are assessed by a 
supply chain analysis, the deployment of 280 PV plants with a total capacity of 3.7 
MW, generating 3.4 GWh of electricity per year leads to a total regional value added 
of €3.8 million (€1,019 per kW installed; €57 per MWh of electricity generated) and 
employment effects of 42 full-time person years (11 person years per MW installed) 
from 2014 to 2034.

The avoided GHG emissions resulting from PV deployments in 2014 in the region 
account for 2,365 tons CO2-equivalents per year (0.7 kgCO2-eq per kWh) generated). 
Furthermore, air pollution of 0.97 tSO2 per year, 1.48 tNOx per year and 0.07 t NMVOCs 
per year is avoided. Monetising the environmental effects illustrates a benefit of €3–55 
per kW (€4-62 per MWh) for reduced GHG emissions and €9-26 per kW (€929 per MWh) 
for avoided air pollution. The positive environmental effects of avoided emissions of 
€13-91 per MWh are in line with other studies, where Owen (2006) finds a median lower 
bound of €36 per MWh for avoided emissions of PV substituting coal and lignite across 
countries in the EU. In total, the economic and environmental economic effects of PV 
plants installed in 2014 in the district of Aachen lead to €208-277 per kW (€231-307 
per MWh electricity generated) per year.

For the case involving wind power, the regional economic impacts of wind power 
developments in studies vary because of decreases in feed-in tariffs and differences 
in the methodologies used. Further significant factors are the physical (i.e. wind power 
potential) and the economic (i.e. availability of local enterprises in the wind power 
sector) geographic features of regions. With regard to the case study for the district 
of Aachen, 63.1 MW of wind power operating from 2017 to 2037 and generating 195.1 
GWh per year generate a value added of €50.8 million (€805 per kW or €13 per MWh 
electricity generated) over 20 years of operation. Employment effects are 309 person 
years from 2017 to 2037 (5 person years per MW installed). In 2017 alone, these effects 
(101 person years) account for 0.05% of total employment in the district.

In 2017, the avoided emissions are 132,770 tCO2-equivalents, 89.73 tNOx, 50.72 tSO2, 
3.9 t of NMVOCs, and 7.8 tCO per year. This leads to positive macroeconomic effects of 
€13.1 million for avoided GHGs and €1.9-5.5 million for avoided air pollution. The total 
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effects of avoided emissions are €77-95 per MWh, which is in the high range of values 
(€8-99 per MWh) found by other studies. In summary, the total economic impacts of 
value added, avoided GHGs, and air pollution in 2017 range from €20.9-€24.6 million 
(€332-389 per kW or €107-126 per MWh electricity generated).

A comparison between rooftop PV and wind power reveals differences concerning 
their respective impacts on land use, with wind power being more space intensive and 
differences with respect to ownership, since wind power plants are not as frequently 
owned by private persons as PV. In addition, the distribution of monetary effects varies. 
Fewer parties benefit from wind power than from PV where, especially for small-scale 
PV, a broader range of regional actors and industries is positively affected.

A limitation of the research carried out in this thesis lies in the fact that accounting 
for avoided regional damages because of regionally reduced GHGs and air pollution 
is not possible because of the dispersion of gases and pollutants into the air, making 
geographical allocations difficult. Therefore, positive environmental impacts that 
affect only a specific region cannot be illustrated explicitly. In the case of PV, a 
prognosis is used to estimate future electricity prices but the impact of uncertain 
future electricity prices on the results has not specifically been explored. Moreover, 
storage solutions leading to a higher self-consumption of generated electricity by PV 
are not considered.

Particularly for regions that rely on fossil fuels, it is important to compare the effects of 
investing in renewable energies to the impacts of fossil fuels to prepare the ground for 
a reasonable and responsible energy policy. This type of comparison is also needed to 
reveal the future economic opportunities in a decarbonised society and to elaborate 
on how investing in renewable energy sources may compensate for the negative 
effects of a potential economic downturn resulting from a fossil fuel phase-out (RQ 
3: What are the regional economic and environmental benefits of renewable energies 
in relation to conventional energy carriers?).  The comprehensive assessment of the 
impacts of investments in renewable energies and fossil fuels from an economic and 
environmental perspective on a regional level closes a gap that is not considered 
in the literature. This assessment may support stakeholders in the decision-making 
process regarding whether to further invest in fossil fuels or in renewable energies.

The thesis compares the economic and environmental benefits of wind power, PV and 
lignite and shows that, from a macroeconomic view, investing in renewable energies in 
the Aachen region is more beneficial than relying on conventional energy generation 
through fossil fuels. In a comparison of the economic and environmental economic 
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effects, wind power and PV are the most cost-effective electricity generation sources 
when internalising the costs of GHG emissions and air pollution, as costs are 6.51 cent 
(c) per kWh electricity generated for wind power, 7.59 c/kWh for PV and 9.37 c/kWh for 
lignite. From a regional employment perspective, PV technology is the most beneficial 
electricity generation technology with a regional employment of 0.63 person years per 
GWh of electricity generated, which is four times higher than for lignite (0.17 person 
years per GWh) and 8 times higher than for wind power (0.08 person years per GWh). 
The net positive effects that are illustrated validate renewable energy sources for 
those in the sector who are seeking evidence concerning the soundness of investing 
in renewables and clear statements for those arguing that the energy transition may 
be too cost intensive, as macroeconomic benefits prevail.

A limitation of this research lies in the fact that, even though the macroeconomic 
benefits of renewable energies over lignite are demonstrated and the energy 
transition is supported, the thesis does not assess potential job profiles for people 
who are currently employed in the fossil fuel sector and are affected by a phase-out 
of fossil fuels. In addition, the thesis does not include the costs and economic effects 
of the electricity storage that is needed in the long term if baseload fossil energy 
generation technologies are substituted by variable or intermittent energy generation 
technologies.

In spite of decisive factors such as the physical geographical potential, available spaces 
for development and the economic and environmental benefits that provide excellent 
conditions for further renewable energy developments, the district of Aachen is 
lagging with respect to achieving its energy targets. Meeting the regional transition 
target of 75% of electricity demand generated by renewable energy sources by 2030 
in the district of Aachen is, therefore, challenging and more progressive development 
is necessary to meet future demands. In the investigation, the struggle between 
conventional energy generation technologies and their environments composed by 
actors and institutions (i.e. the socio-technical regime) and the renewable energy 
developments (i.e. the sociotechnical niche) is analysed to provide a comprehensive 
assessment of factors that support the regional energy transition (RQ 4: How can a 
regional energy transition be supported?). This contributes to the literature in the field 
which insufficiently takes the regional characteristics of both the conventional energy 
generation system and renewable energies into account. By closing this literature 
gap, the thesis emphasises the need for more specific analyses on the regional scale 
instead of merely focusing on the national perspective.
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The thesis finds that, in the past (mainly since the 1990s), a struggle took place in 
the Aachen region between the incumbent conventional energy generation regime 
and the evolving renewable energy niche, both constituted by technologies, actors 
and institutions. It also illustrates that the rise of renewable energies in the region 
was caused by informal institutions such as environmental concerns and a culture 
that embraced innovative technologies, which prevailed against the resistance of the 
conventional energy generation regime. Recently, we observe a decreasing acceptance 
of the fossil energy generation regime, inspired by widespread public concerns 
regarding environmental damages caused by the fossil fuel industry. This creates a 
window of opportunity for alternative methods of developing renewable energies 
in the region. This example illustrates the significance of having informal institutions 
as supporting elements in addition to looking at decisive factors such as technical 
feasibility as well as economic and environmental benefits. By further nurturing 
environmental awareness and a culture of embracing new technological opportunities 
such as, for example, the prosumption (production by consumers) of electricity or 
experimenting with technological solutions in the fields of grid and storage, the 
region might be able to manage its transition even more efficiently. By considering 
technologies, actors and institutions of renewable and conventional energies, the 
thesis presents a systemic and comprehensive approach for analysing the supportive 
factors of a regional energy transition that is transferable to other regions as well. This 
may serve as an exemplary in-depth analysis, first for investigating challenges and in 
a second step for formulating targeted approaches on regional scales. A shortcoming 
of the research with respect to the targets of the Aachen region lies in the fact that 
it focuses on electricity generation only, without taking energy efficiency or other 
sectors such as transport or heat generation into account. Furthermore, since the 
regional characteristics of the niche and the regime are evaluated for the Aachen 
region, the individual supportive factors of the regional energy transition are limited 
to a specific regional context. However, in other regions or countries, the trade-
off between investing in fossil fuels or renewable energies may depend on other 
parameters, which could be assessed individually (see Section 6.2).

To conclude, the thesis contributes to the scientific energy transition debate and 
creates an understanding of the geographic variation of individual regional transitions 
by positioning regions in the centre of the analysis. Disciplinary, it contributes 
to regional economics, environmental economics, transition management, the 
geography of sustainability transitions (GOST), and economic geography, as well as 
regional policy design, and opts for a multidimensional and systemically integrated 
approach to manage energy transitions successfully.

6
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6.2 Policy implications
The results provide a sound base for decision makers to opt for a phase-out of fossil 
fuels and develop renewable energies instead. While from an employment perspective 
PV is more beneficial, the development of wind power is more efficient from an 
environmental perspective in the district of Aachen. Given its energy intensity, wind 
power is, moreover, an essential source for achieving the regional energy targets. 
Therefore, a regional energy policy should include a balanced renewable energy mix 
by considering economic and environmental benefits fairly.

A cost-effectiveness of wind and PV compared to lignite is accomplished by taking the 
external costs of GHG emissions and air pollution into account. In this regard, rising 
energy costs may not be perceived solely as a threat to economic competitiveness 
but as a macroeconomic necessity to account for environmental damages. Against 
this background, it should be considered that global warming is naturally globally 
occurring phenomenon. Therefore, a worldwide strategy is needed to develop 
solutions for this global challenge. Internalising the avoided external costs of fossil 
fuels is a useful approach that builds on the price sensitivity of consumers and 
makes investments in conventional energy generation technologies unprofitable. 
However, an internalisation should be implemented on a global scale. This ensures 
that countries may not be able to provide comparative advantages through lax 
environmental regulations enabling comparatively lower electricity prices that may 
lead to a relocation of energy intensive industries, a phenomenon known as carbon 
leakage (Babiker, 2005; Peters, 2010).

Clearly, an essential pillar of energy transition includes the phase-out of conventional 
energy generation sources and an increasing use of energy generated by renewable 
sources instead. In countries such as Germany, we observe new market entrants 
such as private persons or newly established corporations generating electricity 
through renewable energy sources. These competitors challenge incumbent energy 
generation companies (e.g. RWE and E.ON), as the latter fear erosion of their usual 
business models of selling energy, which traditionally are generated by conventional 
energy sources. Conventional energy generation companies, therefore, have to adapt 
their old-fashioned business models by switching to renewable energy sources and/
or integrating energy services such as energy efficiency services or leasing models 
for renewable energy plants into their business strategies, to cope with the new 
market environment. Furthermore, research and politics need to find and create new 
employment opportunities for people working in conventional energy industries such 
as mining or power plant operations. Hence, investment in education and training 
are needed.
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Technological feasibility and economic and environmental benefits alone do not 
sufficiently push the development of renewable energies in a region. In addition, 
considering the supporting formal and informal institutions in a region allows for 
the development of more efficient policy design for transformations. In the case of 
the Aachen region, for example, a constant monitoring of the state of the energy 
transition, as it makes the technical process of energy generation more visible, builds 
on the technological enthusiasm in the region. This may also serve as a strategy in 
other regions with similar characteristics in terms of technological enthusiasm, such as 
the South German federal state of Baden-Württemberg where a lot of manufacturing 
enterprises and research institutes are situated.

In other regions, the situations may be different. In the Lausitz mining region in 
Central Germany, for example, the energy transition is seen as being more critical 
because the regional economy is more dependent on lignite mining and energy 
generation. Various employment opportunities do not exist for people employed in 
the fossil energy industry as in the case of the Aachen region, which is situated in the 
economically strong Rhineland region. Furthermore, especially in the eastern parts 
of Germany, there are fears of de-industrialisation, since after the reunification many 
enterprises were closed. Therefore, employees of the fossil fuel industry opposed 
the phase-out of fossil fuels, and politicians demanded large structural programmes 
and subsidies (rbb, 2019; Siegel, 2018). These subsidies and programmes support the 
development of new technologies and industries to become a smart region that is 
based on information and communications technology (ICT) (BMWi, 2020). By contrast, 
the federal state of Schleswig-Holstein, an economically less favoured region because 
of structural changes in the shipbuilding and marine industries (Forschungsstelle für 
regionale Zeitgeschichte und Public History, 2016), has no mining heritage. In this 
context, renewable energies are regarded by decision makers as being an opportunity 
for new regional economic development. These two examples are different from the 
Aachen context. In the Aachen region, the threat of job losses does not have such 
severe impacts on the regional economy as is the case in the Lausitz mining region, 
which depends much more heavily on mining and energy generation. By placing 
strong emphasis on education, research and development, the Aachen region has 
even been presented as an example of a successful economic transformation after 
black coal mining ended in the late 1990s (ARD, 2018). In contrast to the example 
of Schleswig-Holstein, where the wind power industry and wind power generation 
are comparatively new opportunities for the regional economy, the example of the 
Aachen region illustrates a specialisation in the energy sector, which shifted from 
mining and energy generation to research and development and currently focuses 
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on grid, storage and e-mobility. Therefore, in the policy design process, the individual 
regional situation should be taken into account.

In the process of the energy transition such as, for example, in the case of Germany, 
debates focus mainly on the transformation of the electricity sector (Ekardt, 2014; 
Maubach, 2015). However, transportation and especially the heating and cooling sector 
are neglected. This occurs even though the heating and cooling sector’s share in 
the amount of energy consumption is 49%, much larger than that of the electricity 
sector (21%) in Germany in 2018 (Agentur für Erneuerbare Energien, 2019). In addition 
to existing strategies and concepts targeting these sectors individually, a systemic 
approach and a combination of technologies across sectors are needed, such as 
using electricity to generate heat or for e-mobility, which may reduce the amount 
of storage capacity required for electricity generated by renewable energies. This is 
known as an integrated energy system (Sektorenkopplung in German) (Gils et al., 2016; 
Sterner et al., 2017). With respect to such systems, the use of ICT (e.g. the Internet 
of things (IoT) applied in concepts such as smart home or smart grid) may be an 
essential pillar of these strategies to monitor and operate such systems efficiently 
(Liggesmeyer et al., 2018; Weigel and Fischedick, 2018). Indeed, making full use of the 
existing technological potential in the field of integrated energy requires extensive 
coordination among stakeholders across the different sectors.

As the benefits of renewable energies are well studied, there is a need to integrate their 
further development into policy design and to decide on their implementation. The 
latter is of the utmost importance since even though a lot of policy recommendations 
and measures are available these are not being put into practice (Rickards et al., 2014). 
This process could strongly benefit through support from practical research in the 
field.

6.3 Recommendations for further research
Most regional economic impact studies consider only the economic effects of 
renewable energy developments and lack comprehensive analysis because they 
neglect other macroeconomic benefits such as avoided GHGs or air pollution leading 
to enhanced public health. In their turn, most studies of the environmental impacts 
neglect the positive economic effects of renewable energy developments.

In this regard, an integrated approach combining the evaluation of regional economic 
impacts with an assessment of the environmental benefits of renewable energy 
technologies has so far rarely been carried out in scientific studies. However, there 



197

Conclusion

is a strong need for integrated future research to raise public awareness and gain 
experience from additional regions. As a consequence, more interdisciplinary studies 
are required to enable a more complete view of the effects of developing renewable 
energies. Investigating these effects simultaneously allows for a more comprehensive 
indication of the total benefits of renewable energy developments.

The phase-out of fossil fuels and rising amounts of electricity generated through 
renewable energy sources require large-scale electricity storage capacities. Therefore, 
future research on renewable energies should also take into account the costs and 
the overall economic effects of the storage of electricity generated by renewable 
energy sources.

On a spatial scale, the implementation of renewable energies follows different 
paths. While we see dynamic and progressive developments in some regions, the 
deployment of renewable energy technologies is far beyond the potential of others. 
This may, on the one hand, be attributable to frequently identified causes such as, such 
as economic potentials (Slattery et al., 2011; Mulvaney et al., 2013) or environmental 
benefits (Yuan et al., 2015; Fokaides et al., 2014). However, more distinguished regional 
factors, including informal institutions involving cultures or norms, may also determine 
the implementation path, as illustrated in the case of the Aachen region. As decisions 
regarding developments take place on regional scales in most OECD countries, more 
in-depth analyses of regional situations are needed. Concepts such as multiscalarity 
and spatial endowment, which are introduced in Chapter 5, underline the significance 
of space and scale as well as the need to take individual regional situations into 
account, especially in pluralistic societies where decisions are taken democratically. 
Putting regions at the centre of the analysis allows for a better understanding of 
(national) transition processes. To conclude, there is a need for further research on 
regional transitions.

The concepts and frameworks that have been applied, such as the MLP, and which may 
offer support in assessing the energy transitions have so far been applied primarily in 
HDCs, as most concepts originate from such countries (Gosens et al., 2013). However, 
these concepts may also be useful in the context of developing countries and 
emerging economies that have increasing energy demands. Therefore, there is a need 
to assess how to overcome barriers to renewable energies, especially in this group of 
countries (as done by Luthra et al., 2015 for the case of India or by Ohunakin et al., 2014 
for Nigeria). Of particular note is the case study in an HDC that Chapter 5 illustrates, 
showing that informal institutions can hamper or support the implementation and 
development of renewable energies. The role of informal institutions may be even 
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more pertinent to decision-making in less developed countries that lack formal 
institutions, especially if informal institutions are used as substitutes for these 
(Meagher, 2007; Steer and Sen, 2010). As there is a lack of studies analysing renewable 
energy implementation in developing and emerging economies while using concepts 
such as MLPs, further research is needed into applying these methodologies to gain 
a better understanding of transition processes in these countries (Binz et al., 2020). A 
special focus on informal institutions may be a promising approach for understanding 
the dispersion of cleantech more thoroughly within this context.

Finally, it is the responsibility of the scientific community to evaluate statements about 
the benefits of measures to mitigate climate change in a comprehensive manner by 
providing scientific data and facts, enabling decision makers to make sound decisions 
regarding the transformation of our energy systems.
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