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a b s t r a c t

The role of electricity availability in promoting the economic growth of low-income countries is a highly
debated issue. Taking the Tanzanian government’s view that a lack of infrastructure for power genera-
tion, together with a low electrification rate, are a limitation to growth, this paper studies the implica-
tions on the country’s sustainable development of expanding the electricity sector. The analysis is based
on the joint use of the OSeMOSYS open-source power system optimization model and the Leontief Input-
Output model (based on the Tanzanian Social Accounting Matrix). Four scenarios are considered,
representative of alternative technological and environmental policies, characterized by different timing
to achieve full electrification. Results indicate that while an expansion of the electricity sector can
contribute significantly to economic growth, the associated direct and indirect growth in carbon emis-
sions is equally remarkable. Relying on the country’s renewable generation potential would be important
but might not be sufficient to lower the economy-wide carbon intensity, particularly under the
assumption of reaching full access already in 2030. Targeting energy efficiency and/or decarbonization
efforts in the industrial sectors as well as in the provisions of services would also be necessary. The latter
is particularly relevant as, per effect of an average income increase, household consumption habits
contributes to drive the economy away from its traditional, agricultural base.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The question of whether energy availability, and electricity in
particular, has a role in promoting a country’s economic develop-
ment is not only extremely relevant in practice, but also highly
debated in the literature (Burke et al., 2018; Lechthaler, 2017; Lee
et al., 2017). While scholars seem to agree, at least, on the fact
that electricity is an important, direct factor of production for
several industrial sectors of the economy, and the enabler of indi-
rect effects on economic growth, particularly in low-income
countries (Bos et al., 2018; Salmon and Tanguy, 2016), recent ef-
forts to expand the electricity sector and ensure universal access
have been quite remarkable (Karplus and Von Hirschhausen, 2019).
Still, a number of countries, in particular, in the region of Sub-
Saharan Africa, continues to present low electrification rates and
limited infrastructures, in the face of increasing demand
, Milan, Italy.
.V. Rocco).
projections and commitments to achieve a sustainable economic
growth (Peng and Poudineh, 2017).

The United Republic of Tanzania is representative of this latter
region of the world in numerous ways. A significant annual growth
in Gross Domestic Product (in the order of 6%) was registered over
the past decade (World Bank, 2016). Yet, the electrification rate in
2016 was only 33%, the weighted average of 65% in urban areas and
17% in rural regions (Choumert-Nkolo et al., 2019). As it can be
expected, government plans and expectations to convert Tanzania
to a middle-income country by 2025 are accompanied by pro-
jections of increased electricity consumption, as well as strategies
to expand the electricity generation sector and the network infra-
structure quite significantly (Philip Isdor Mpango, 2016; VV AA,
2016a,b). At the same time, the country has pledged to embark
on a climate resilient development pathway (VV AA, 2015) and, in
this regard it is important to recall that while Tanzania is respon-
sible for small fraction of global CO2 emissions (0.59% in 2014),
carbon intensity in 2014 was almost eleven times the world
average, indicating significant potential for improvement (USAID,
2018).
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Within this context, the present work provides an approach to
modelling alternative electrification scenarios for Tanzania, and to
estimate their potential impact on the country’s economy and
environment. The main goal is to gain a better understanding of
how policy decisions concerning the power sector can contribute to
achieve national sustainable development goals in a representative
country in Sub-Saharan Africa.

Only a couple of scholarly articles have looked at alternative
scenarios for the development of the electricity sector in Tanzania.
One encompasses the entire Sub-Saharan Africa (Bazilian et al.,
2012), making for a low-level of country-specific details, while
the other, focusing specifically on Tanzania, dates to a few years
back and includes only centralized, grid-connected power pro-
duction (Kichonge et al., 2015). Other, recent studies of the Tanza-
nian electricity sector have, instead, addressed investment-related
issues (Gregory and Sovacool, 2019; Peng and Poudineh, 2017; Sergi
et al., 2018), conducted an environmental assessment via a life cycle
approach (Felix and Gheewala, 2012), or have focused on a specific
technology, looking at the potential for micro-hydro (Adebayo
et al., 2013) and solar PV (Aly et al., 2019; Amars et al., 2017). In
short, there are no up-to-date, country-specific studies that look at
the development of the Tanzanian electricity sector under alter-
native sets of assumptions regarding technological, economical,
and policy aspects, while including the role of both on- and off-grid
technological solutions.

The first part of this study contributes to filling this gap. Four
alternative electricity scenarios are considered, each of them a
plausible representation of how the Tanzanian electricity sector
might evolve over time, from 2015 to 2030. These sets of assump-
tions are translated into input data for the open-source OSeMOSYS
model, which is employed to compute the least-cost, technically
feasible technology mix, that meets the electricity demand pro-
jections in each year of the observation period (Howells et al., 2011).
Notably, the model includes a novel approach to allow for both on-
grid and off-grid technological solutions in case of new accesses.
The model’s output comprises four alternative electrification path-
ways for Tanzania, which are contrasted in terms of annual elec-
tricity production and carbon emissions.

The second part of this work moves a step further from the
existing literature and consists in assessing the country-wide
impact of these four electrification pathways. Previous studies
addressing the potential effects on the country’s economy and
carbon emissions of a growth in the electricity sector are not
available. The contribution by Arndt et al. (2012), explores the po-
tential implications on economic growth of different biofuels pro-
duction options and the study by Sjølie (2012) looks at the effect on
greenhouse gas emissions of substituting more carbon-intensive
fuels with charcoal products.

As for this second part of the study, a linear meso-economic
optimization model is employed, based on the Leontief’s Input-
Output framework (Miller and Blair, 2009), and effectively
tailored to the scope of this work. The rationale of the modelling
effort is to quantify the economic development that could be
potentially achieved by fixing the electricity production yield as a
constraint. This is consistent with the position of the Tanzanian
government (VV.AA., 2016b, 2016a), as well as with a “growth hy-
pothesis”, i.e. the existence for Tanzania, of a unidirectional causal
relationship between energy (electricity) availability and economic
growth (Odhiambo, 2009).

A first set of novel results obtained with this original model
consists in the sectoral value added generation and fuel
combustion-related CO2 emissions resulting from a greater elec-
tricity availability. A second set derives from the analysis of the year
by year evolution of households’ consumption patterns and its ef-
fect on the country’s carbon emissions. This additional conceptual
and modelling effort is motivated by the desire to examine more
closely the potential trade-off between economic growth and
environmental sustainability generated by alternative policy in-
terventions in the power sector.

The rest of this paper is organized as follows. Section 2 outlines
alternative options for the development of the Tanzanian electricity
sector. Section 3 describes the modelling approach used to study
the impact of these electrification pathways on the country econ-
omy and the environment. Section 4 presents and discusses the
results. Conclusions and further research opportunities are pre-
sented in Section 5.

2. Electrification pathways for Tanzania

This section introduces the future scenarios of the Tanzanian
power system adopted for this study (Section 2.1), presents the
electrification pathways obtained under each set of assumptions,
and contrasts the technology mix and carbon emission of the po-
wer sector under the same alternatives (Section 2.2).

2.1. Designing electricity scenarios

This work considers four scenarios for the development of the
electricity generation sector in Tanzania over the period
2015e2030. The selection of the modelling horizon is consistent
with the nature of the adopted modelling approach. As more
extensively explained in Section 3, the Input-Output model relies
on economic empirical data that provides a description of the
Tanzanian economy structure in 2015. Except for the electricity
supply sector, the economic structure of all the other industries
must be assumed as constant and not perturbated by changes in
future households’ demand pathways. Since this assumption be-
comes weaker when the modelling horizon gets longer, the time
horizon was limited to 15 years.

The scenarios are designed to contrast alternative policy in-
terventions for the power sector. Nevertheless, they share the same
initial conditions in terms of installed generation capacity (less
than 2000 MW in 2015) and retirement schedule, technology op-
tions for future developments (including both on-grid and off-grid
solutions), as well as relevant parameters that characterize each
technology from a technical, economic and environmental
perspective (e.g., rainfall patterns, carbon emissions per fuel type,
evolution of fuel costs, etc.). The scenarios also share the same
system constraints, such as an overall cap on the intermittent
renewable production and a minimum reserve margin.

The four scenarios differ for a few key assumptions. As illus-
trated in Table 1, the Business As Usual (BAU) scenario assumes no
specific policy is adopted for the electricity sector, no changes in the
electricity generation mix, as well as no changes in the grid rate
(ratio of consumers connected to the transmission network over all
consumers with a connection to electricity). The electrification rate
(the percentage of populationwith access to electricity) is expected
to reach 100% in 2050, as indicated in the Tanzanian government
plans (Philip Isdor Mpango, 2016; VV.AA., 2016a). The New Policy
(NP) scenario includes, instead, the existing technology policies
proposed by the Tanzanian government and, therefore, a genera-
tion mix which develops over time according to the latest Power
System Master Plan (VV AA, 2016b). The Energy For All (E4A) sce-
nario assumes the same technology policies as in the NP scenario,
but it is driven by the goal of reaching universal electricity access by
2030 (two decades earlier than in the NP). Finally, the so-called
450TZ scenario, inspired by global efforts to keep temperature in-
creases well below 2 �C, simulates the expansion of the power
generation sector under an environmental policy (a carbon tax
starting at 10 $/ton of CO2 and increasing up to 75 $/ton in 2030)e a



Table 1
Electricity development scenarios.

Scenario Generation mix Electrification rate Policy Solar PV and wind overnight investment cost decrease

BAU Constant at 2015 and fixed grid rate 100% in 2050 No policy 40% and 10%
NP Meet national targets at 2025 [PSMP, 2016] 100% in 2050 Technology policy 40% and 10%
E4A Meet national targets at 2025 [PSMP, 2016] 100% in 2030 Technology policy 40% and 10%
450TZ No restrictions 100% in 2050 Environmental policy 70% and 25%
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policy not yet proposed by the Tanzania government. With respect
to the other scenarios, more optimistic assumptions are also made
regarding the decrease of the overnight investment costs of re-
newables, such as wind and solar PV IEA, 2016; IRENA, 2014) and no
technology policies are imposed on the development of the gen-
eration sector.

These four sets of assumptions are simulated using the OSe-
MOSYS open-source modelling framework, which calculates the
least-cost, technically feasible technology mix that meets elec-
tricity demands projections, while respecting a number of exoge-
nous constraints (Howells et al., 2011). In essence, the exogenous
OSeMOSYS model parameters are related to:

(a) the types and techno-economic specifications of available
resources (e.g., availability and cost of natural gas, availability
and intensity of solar radiation) and the available energy
conversion technologies (e.g., costs and performances of coal
power plants);

(b) features of the transmission and distribution infrastructures;
(c) definition and features of the energy demand, assumed as

perfectly rigid with respect to the energy price changes;
(d) other policy or technical constraints that may be required to

define the scenarios (e.g. political decision to ban a tech-
nology after a defined year).

Notably, this modelling framework enables the user to increase
the space resolution of the analysed region by defining multiple
sub-regions, and it accounts for the variability of available re-
sources and demand yields over time by defining them according to
time-slices: the time and space scopes and detail level of the
modelled energy system depend on the available data and on the
research question to be addressed.

Once the demand of electricity and the energy supply resources
and technologies have been characterized for the desired scenarios,
the model returns several endogenous parameters, the most rele-
vant of which are: electricity production and installed capacity,
resources consumption, investment and operative costs, emissions,
all defined by year and by technology.

In this paper, the original structure of OSeMOSYS was improved
by means of a geo-spatial definition of the electricity demand,
clustering and distinguishing among several types of end users
(urban and rural), and by considering different distances from the
Tanzanian national grid. In other words, differently from standard
applications of the OSeMOSYS model, this study’s is based on a
geospatial characterization of the Tanzanian territory, so that
different geographical areas in terms of population density and
distance from the grid are identified. This information is then used
to set a priority rule for the adoption of on-grid vs. off-grid solution
for new connections.

Among the results obtained from the simulation of the alter-
native scenarios, Section 2.2 will focus only on two indicators:
annual electricity production by technology, and annual carbon
emission from the power sector. As for the latter, carbon emissions
are the sum, for all type of fossil fuels, of the product of the annual
amount of fuel employed in the electricity sector times a fuel-
specific emission factor. All the details on the modelling effort
conducted with OSeMOSYS are collected in a separate paper (Rocco
et al., 2020).

2.2. Estimated electrification pathways

Fig. 1 illustrates the annual electricity production, in PJ, by
technology type under the assumptions made for the four sce-
narios. Installed generation capacity in 2015 in Tanzania is
1857 MW. Should BAU conditions prevail, this capacity is simulated
to increase up to 9840 MW in 2030, in order to meet the projected
demand increase estimated by the Tanzanian government (VV AA,
2016b). The share of electricity production by technology remains
the same as in 2015, equal to 45% natural gas, 22% oil and diesel, 31%
hydro, 1% biomass (with an increase in diesel off-grid up to 5% in
2030). Overall, the annual production grows by almost five times,
from 25 PJ to 123 PJ in 2030 (from 7 TWh to 34 TWh).

Under the conditions specified for the 450TZ scenario, the
installed capacity reaches instead 14498 MW in 2030 (because of
the lower capacity factors of renewables), the generation mix in-
cludes greater shares of hydro (38% in 2030), geothermal (4% in
2030), wind (7% in 2030) and solar PV for off-grid applications (22%
in 2030) while oil is phased out and the share of natural gas de-
creases over time (21% in 2030). Annual production in 2030
amounts to 116 PJ (32 TWh). This is lower than in the BAU due to a
larger use of off-grid solution (hence, lower transmission and dis-
tribution losses).

The electrification pathway which derives from the NP as-
sumptions is intermediate between the previous two. Installed
capacity in 2030 is simulated to grow up to 11931 MW and the
share of generation by technology in 2030 is dominated by natural
gas (54% in 2030), includes coal (4% in 2030), and relies less on
hydro (15% in 2030). Overall the generation mix is more diversified,
with contributions from geothermal and wind (both at 4% in 2030),
solar PV on-grid (1% in 2030), and solar PV off grid (11% in 2030).
Annual production in 2030 reaches 118 PJ (33 TWh).

Finally, the E4A pathway presents, by design, the same gener-
ation mix observed in the NP. It requires, however, greater installed
capacity (15821 MW) in 2030, in order to provide access to the
entire population by the same year. Of course, also the production is
higher, reaching 150 PJ (42 TWh) in 2030.

These results are only partially comparable with those derived
by Kichonge et al. (2015), who consider exclusively on-grid tech-
nologies and three scenarios (Business As Usual, Low Consumption
and High Consumption). Their estimated installed capacity in 2030
(between 5.0 and 6.0 MW, depending on the scenario) is signifi-
cantly lower than the one found in the present study. Naturally, also
the production in 2030 (between 28.4 and 35.1 TWh) is comparably
smaller. The initial share of electricity generation by technology is
similar to the one assumed in the present study and mainly derives
from hydro (between 42.2% and 44.7% depending on the scenario)
and natural gas (between 53.8% and 56.5%), with small contribu-
tions from biomass (around 1%) and oil (0.2%). In 2030 the contri-
bution of hydro is greater than in 2015 (between 56.5% and 69.8%),
while the role of natural gas decreases (between 11.8% and 14.5%),
similarly to what occurs in this paper’s 450TZ scenario (although
with different rates of change). The share of coal raises significantly
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A. Business As Usual (BAU)
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B. New Policies (NP)
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D. Energy For All (E4A)
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C. 450TZ

Fig. 1. Electricity production per technology (in PJ) between 2015 and 2030 for all the analysed scenarios: A-Business As Usual (BAU), B-New Policies (NP), C-450TZ, D-Energy For All
(E4A).

Fig. 2. CO2 emissions per year from the electricity sector (in Mton) between 2015 and
2030, for all the analysed scenarios (corresponding to different colours, listed in the
legend). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article).
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(between 6.6% and 15.0%), assuming a higher role than estimated in
this paper’s NP scenario. Finally, as in the present study, Kichonge
et al. (2015) attribute a decreasing role to biomass and oil. Never-
theless, the main discrepancy with the present work derives from
the absence of solar, wind and geothermal energy in the production
mix. This result is driven both by higher cost assumptions for the
same technologies, as well as by the lack of a solar off-grid option.

Carbon emission from the power sector are consistent with the
contribution to electricity production described above. As illus-
trated in Fig. 2, CO2 emissions increase by five times, from 3.0 Mton
per year in 2015 to 15.2 Mton per year in 2030, in the BAU scenario.
Such results are in line with those of Kichonge et al. (2015), who
estimate an annual growth in carbon emission between 9.5% and
11.7%.

Only the environmental policy assumed under the 450TZ sce-
nario is successful in decreasing CO2 emissions below 2.0 Mton per
year since 2017 and in keeping the contribution of the power sector
below 2.1 Mton until 2030. The technology policy proposed by the
Tanzanian government (NP scenario) contains the emission
initially, but electricity production by gas and coal conduces the
yearly contribution of the power sector to 8.9 Mton in 2030 (more
than four times as much as in the 450TZ). Sharing the same
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assumption in terms of technology policy, but assuming full elec-
trification by 2030, the E4A pathway presents CO2 emissions rather
similar to those observed for the BAU pathway, reaching 13.3 Mton
in 2030.

3. Modelling impacts on the economy and the environment

The economy-wide impacts resulting from these electrification
pathways are assessed by means of an original, linear optimization
model based on the Leontief’s Input-Output framework (Miller and
Blair, 2009). While this is illustrated in the following Section 3.1
(general framework) and Section 3.2 (tailored model), it is worth
mentioning here that the analytical expressions of the equations
provided in this chapter are authors’ own elaborations, and that
newly developed scripts (in Python) and all the input data used
throughout the study (and briefly described in Section 3.3) are
shared as open-source material in the electronic supplementary
material section.

3.1. The Leontief-Kantorovich model

Leontief’s Monetary Input-Output Tables (MIOTs) provide a
comprehensive overview of a national economy (or a network of
national economies) in one defined time frame (usually one year).
MIOTs are grounded on empirical data, expressing the value of
goods and services consumed and exchanged among industries,
provided as sectoral investments, and invoked by households for
final consumption. Linear and non-linear planning optimization
models based on MIOTs are widely adopted for a variety of eco-
nomic and environmental assessments (Mahajan et al., 2018;
Pauliuk et al., 2015a). In macroeconomic modelling, Social Ac-
counting Matrices (SAMs) are usually preferred with respect to
MIOTs, because they can provide a more detailed characterization
of the roles of labour, households, and the social institutions of the
economy, including such factors as income from employment and
its disposition, labour costs, and the demographics of the work
force that comprise the market for supply and demand of labour.
SAMs are then particularly useful as ground data for Computable
General Equilibrium models (CGE) (Burfisher, 2011). An extensive
and comprehensive references to empirical datasets for macro-
economic models are provided by the literature (Miller and Blair,
2009; United Nations, 2010).

As for the present work, a multi-sectoral optimal resource allo-
cation model is adopted: this model, also known as linear pro-
gramming model or planning model, is extensively descripted in the
literature (Economics and Ecology, 2009; Eurostat, 2008;Miller and
Blair, 2009), and its underlying assumptions can be deeply
customized based on the available data and the complexity of the
market mechanisms to bemodelled. Specifically, the selected linear
optimization model, is based on a constant input-output technol-
ogy structure (usually referred to as the Leontief technology
assumption) and on a fixed final demand structure (sometimes
called Kantorovich assumption), thus implying no technological
change, no substitutability between inputs and a perfect elasticity
of the demand with respect to price changes (R�ev�esz and Zalai,
2007). Consistently, it will be referred to as the Leontief-Kant-
orovich model (R�ev�esz and Zalai, 2007). It is important to note that
although the impact of future policies is often studied with CGE
models, also in the case of low income countries (Babatunde et al.,
2017), the strong hypotheses and the large amount of data required
by the same models fully justify the use of simpler and less data-
intensive planning optimization models (Duchin et al., 2016;
Pauliuk et al., 2015b).

Let us consider one generic national economy for which the
national economic and environmental accounts are assumed to be
available. The economy is composed by n industries classified ac-
cording to a standard protocol, like the ISIC one (United Nations,
2008), l final demand categories (households’ and govern expen-
ditures, investments and exports), k factors use categories (labour,
capital, rents and royalties, taxes), and j environmental transactions
(for example: primary energy use, CO2 emissions, water use, etc.).

The Input-Output database is constituted by the intermediate
transactions matrix Zðn � nÞ, expressing the supply and con-
sumption of goods and services among industries, the final demand
matrix Yðn � lÞ, the factor use matrix Vðk � nÞ, and the environ-
mental transactions matrix Rðj � nÞ. The fundamental national
production balance states that total economic production by sector
xðn�1Þ equals the sum of intermediate and final consumptions,
and it is expressed by equation (1) (where i vectors are known as
summation vectors of appropriate sizes). Finally, the assumption of
constant technology structure also implies a fixed share of im-
ported products by each sector, identified by the imports matrix
Mðn � nÞ.

Z , in�1 þ Y,il�1 ¼ x (1)

Considering the analysed national economy in a generic time
frame (say t ¼ 0), the primal optimization problem (2) consists in
finding an optimal allocation of factors (namely labour and capital)
able to maximize the global final demand yield (y, scalar objective
function) with a given level of available primary resources
(constraint b), and by satisfying the given structure of final demand
for each country (constraint a).

In problem (2), the technical coefficients matrix is defined as
A ¼ Z,bx�1, factors use coefficients are derived as v ¼ V,bx�1, and
total factors use is the column sum of the factor use matrix V ¼
i1�k,V. The structure of final demand s ¼ Y,y�1 represents the
share of final demand covered by each industry in each country
with respect to the overall final demand, and it is here referred to as
the consumption basket of final demand. Environmental trans-
actions coefficients B ¼ R,bx�1 may be needed in case the problem
has to be constrained with respect to pollutants/GHG emissions
caps or in case of limited natural resources availability (constraint
c). Finally, constraint d avoids negative non-sensical results.

maxy ¼ i,Y
s:t:a : ðI� AÞ,x � y,s
b : v,x � V
c : B,x � R,i
d : x � 0 ; Y � 0

(2)

While only the essential constraints are included in problem (2),
many others can be added to provide a better description of the real
structural features of the country. This can be achieved, for
instance, by including trade barriers or demand/imports elastici-
ties, by putting limits in overspecialization of industries, etc.
Moreover, the reversible nature of the available factors needs to be
specified: for instance, labour may or may not be allowed to be
transferred across sectors, countries and/or skill levels. Finally, the
proposed model can be employed to contrast different system
configurations by estimating different optimal states (on the con-
trary, the model cannot be used to describe the dynamic transition
to a different optimum).

Consistently, the assessment of the impact of policy shocks can
be performed by comparing the results of problem (2) before and
after the introduction of changes in industries’ efficiencies and
environmental performances, or in the structure of the final de-
mand (say from t ¼ 0 to 1), leading to changes in the overall sec-
toral production x, and therefore to changes in the related sectoral
economic and environmental impacts, as expressed by relation (3)
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DðA; v;B; sÞ0/1/

�
DV ¼ Dðv,bxÞ0/1
DR ¼ DðB,bxÞ0/1

(3)
3.2. A tailored version of the Leontief-Kantorovich model

To address the specific objective of this study, a number of
modifications are proposed for the LK-IO problem (2), leading to the
modified problem (4).

maxy ¼ i,Y
s:t:a : ðI� AÞ,x � y,s
b : xel � ~xel
c : x � 0 ; Y � 0

(4)

The LK-IO problem (4) consists in finding an optimal allocation
of economic factors able to maximize the global final demand yield
while satisfying a given structure of final demand (constraint a),
with a given level of available electricity supply (constraint b) and
avoiding negative results (constraint c). The main idea of the pro-
posed approach is to investigate the economy-wide impacts of
several prospected electricity scenarios assuming that the eco-
nomic growth is constrained by the exogenously imposed elec-
tricity supply.

The specific features of the problem can be described as follow:

� Constrained total electricity supply. With respect to problem
(2), sectoral factor use V ¼ v,bx becomes an endogenous result,
while values of electricity supply ~xel, derived from the OSe-
MOSYS electricity scenarios (see Section 2.2) are exogenously
defined as a new constraint (b). This implies unlimited invest-
ment capacity, which is required to enable the yearly increase in
electricity production levels.

� Unconstrained environmental transactions. Unlimited re-
sources availability and unconstrained pollutants/GHGs emis-
sions are assumed. This assumption is consistent with the scope
of the study, which focuses on the potential economic growth
enabled by the availability of electricity and the amount of re-
sources and pollutants/GHG emissions that are respectively
consumed and produced to satisfy a given demand of industrial
products (including electricity).

� Variable environmental transactions coefficients. MIOTs and
SAMs databases are almost always provided with high sectoral
aggregation. Except for few rare exceptions (like the Exiobase
database (Merciai and Schmidt, 2018)), electricity generation
technologies are lumped all together into one unique aggre-
gated industry (i.e. Electricity, Gas and Water Supply), and the
related technical and environmental transactions coefficients
are then an average description of the sectoral habits. The basic
LK-IO model is then unable to reproduce the (environmental)
impact related to changes in the electricity production mix. To
overcome this issue, the average Environmental transactions
coefficients of the power sector Belðj�1Þ are here expressed as
function of the electricity production technology mix according
to equation (5): Ei represents the electricity produced by the i-th
technology over the whole year, Bel;i the environmental trans-
actions of the i-th technology, and the subscript tech refers to the
number available operative power technologies.P � �

Bel ¼ tech Ei,Bel;iP

techEi
(5)

While environmental transactions coefficients of the power sector
can be derived relatively easily according to equation (5), the same
cannot be said for technical coefficients, that have been assumed
constant throughout the years and independent by the changes in
power sector technology mix. The latter assumption is strong, but
very often accepted in performing an analysis of the energy sector
based on Input-Output models, due to the high uncertainty and
unavailability of raw technology-specific empirical data
(Kamidelivand et al., 2018).
� Variable final demand structure. The LK-IO model (4) can be
used by considering a fixed structure of final demand sðn � lÞ.
However, households with different income levels may be
characterized by different consumption habits, each one with
different economic and environmental impacts.

With reference to the Tanzanian case, Fig. 3 (left side) presents
the structure of households’ final demand by income quintiles.
Clearly, the average consumption basket significantly differs across
households with different income levels. Between 70% and 80% of
goods consumed by households in the lower quintiles are products
of the agricultural and fishing sectors (primary activities), while
services (including education, health, communication and leisure),
transportation, and energy amount on average to around 10%e15%
of the consumption basket. By contrast, the same goods and ser-
vices makes for almost 50% of the consumption basket of house-
holds in the higher income quintiles.

The related economic and environmental impacts, illustrated on
the right side of Fig. 3 and respectively expressed in terms of Value
Added and CO2 emissions embedded in the unit of final demand
expenditure, are based on the Tanzanian SAM of 2015 (IFPRI, 2015).
As expected, households’ quintiles with different consumption
habits exhibit sensible differences in CO2 emissions, reaching
almost 60% between the first and the fifth quintiles, while a less
relevant difference is visible in terms of value added embedded
(10%).

Consistently, the structure of the final demand for the i-th year is
formulated as a function of the change in workers’ income of the
previous year based on the following assumptions:

� The number of workers in the country nW is assumed to be
constant throughout the analysed time frame. Workers are
assumed to be fully employed and distinguished into different
income categories, assumed as known for the baseline year
0 only. In this application, only Low-income and High-income
workers are distinguished, so that nW ¼ niW;LI þ niW ;HI (super-
scripts refer to the i-th year).

� The yearly average final demand expenditures per capita for
each income category ypc;LI and ypc;HI are assumed to be known
and constant throughout the analysed time frame, and equal to
the baseline year 0.

� The structures of final demand of each income category sLI and
sHI are assumed to be constant throughout the analysed time
frame, and equal to the baseline year 0.

With these assumptions, it is possible to evaluate the new
overall structure of final demand in the next year siþ1 as the average
of the final demand structures of the different income categories
weighted on the overall number of workers for each category. First,
the change in overall labour compensation of Low-income workers
in the i-th year caused by the policy shock is calculated based on the
application of the LK-IOmodel (4), according to equation (6). Notice
that among the k factor use categories in matrix Vðk � nÞ, only
labour compensation needs to be considered here.

DVi
LI ¼

�
v ,Dxi

�
,
niW;LI,ypc;LI

Vi
(6)



Fig. 3. Composition of final demand baskets for the Tanzanian households’ quintiles (left side). Economic and environmental impacts of households’ quintiles per USD2015 of final
demand (right side).
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Secondly, the number of workers that shift from low to high
income category in the next year Dniþ1

W;LI/HI thanks to the change in
earnings of the previous year is evaluated based on equation (7).

Dniþ1
W;LI/HI ¼

DVi
LI

ypc;HI � ypc;LI
(7)

Subsequently, the number of workers in low- and high-income
categories resulting from the shift in next year is assessed based on
equation (8) (notice that the overall number of workers remains
constant).

niþ1
W ;HI ¼ niW ;HI þ Dniþ1

W ;LI/HI

niþ1
W ;LI ¼ niW;LI � Dniþ1

W;LI/HI

9=
;niþ1

W;HI þ niþ1
W;LI ¼ nW (8)

The new overall structure of final demand in the next year siþ1 is
finally evaluated based on equation (9).

siþ1 ¼
sHI,niþ1

W;HI þ sLI,niþ1
W ;LI

nW
(9)
3.3. Reference datasets and model setup

This research is grounded on empirical meso-economic data
retrieved from the Tanzanian Social Accounting Matrix
(Randriamamonjy and Thurlow, 2017), developed by the Interna-
tional Food Policy Research Institute (IFPRI, www.ifpri.org) for the
reference year 2015: being this SAM the most recent empirical
meso-economic database of the Tanzanian economy, year 2015 is
selected as the beginning year of the analysed scenarios time frame.

Other fundamental economic and social indicators are found in
the World Bank Open Data repositories (www.data.worldbank.org)
on energy data, retrieved from the International Energy Agency
database (www.iea.org), and on sectoral CO2 emissions, retrieved
from the PRIMAPHIST dataset (Gütschow et al., 2016).

The Tanzanian SAM is shaped as a Supply and Use table,
expressed in 2015 LCU (Shillings). Its core features are the
following:

� The economy is disaggregated into 68 industries and 70 prod-
ucts, classified according to the ISIC rev.4 standard (United
Nations and Department of Economic and Social Affairs, 2008).
The SAM has been produced for agricultural policy analysis, so
its disaggregation level is very thin especially for agricultural
products and industries, while other sectors are much more
aggregated.
� Factor use is disaggregated into 3 categories: Labour, Capital and
Land (all expressed in monetary units). Labour is distinguished
among rural and urban, both classified with four educational
levels.

� Households’ final demand is classified as rural farm, rural non-
farm and urban. All these categories are subdivided in quintiles.

� Other accounts are related to govern expenditures, taxes (classi-
fied by type), change in stocks and imports/exports.

The SAM was properly manipulated to fit the LK-IO model
descripted in Section 3.2. In particular, it was transformed to a
Symmetric Industry-by-Industry Input-Output table by considering
an industry-based technology assumption, according to the pro-
cedure illustrated in detail in (Miller and Blair, 2009). Finally, the 68
industries in the resultingMIOTwere aggregated into 20 industries,
and the CO2 emissions by sector defined (see the electronic sup-
plementary material for further details).
4. Results and discussion

Results are presented and discussed in terms of economic
growth and its implications on economy-wide carbon emissions.
Section 4.1 focuses on the first set of simulations, conducted under
the assumption that households’ consumption baskets remain
unchanged. Section 4.2 considers, instead, the results obtained
when changes in households’ consumption baskets are simulated.
4.1. Economic growth and environmental impact e no changes in
consumption

A first outcome of the LK-IO model (4) is illustrated in Fig. 4 (left
side), where annual Value Added generation is reported for all four
electrification pathways, over the period 2015e2030 (in 2015 U.S.
dollars). The estimated economic growth enabled by a develop-
ment of the electricity sector is quite remarkable, going from 54.9
billion $/year in 2015 to 155.3 billion $/year in 2030 under the BAU
scenario e and, respectively, 149.5 and 147.1 billion $/year under
the NP and 450TZ scenarios. Differences across the three cases are
small, as the annual electricity availability is similar (see Fig. 1). As
expected, a significantly greater economic growth is observed
when considering the electrification pathway computed under the
E4A scenario (up to 182.4 billion $/year in 2030). This occurs
because the electricity availability constraint is less binding, over
the entire observation period.

As reported in Fig. 4 (right side), economic growth is noticeably
accompanied by a similar increase in carbon emissions e from 15.1
Mton of CO2 in 2015 to 45.7 Mton in 2030, for the electrification
pathway obtained under the BAU scenario. Contrasting cases with

http://www.ifpri.org
http://www.data.worldbank.org
http://www.iea.org


Fig. 4. Value Added generation (left side), carbon emissions (right side) between 2015 and 2030, for all the electrification pathways, without considering changes in consumption
baskets. Carbon emissions are distinguished in economy-wide emissions (solid lines) and electricity-related emissions (dotted line).

Fig. 5. Economy-wide carbon emissions intensity between 2015 and 2030, for all the
electrification pathways (different colours, listed in the legend), without considering
changes in consumption baskets. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

M.V. Rocco et al. / Journal of Cleaner Production 263 (2020) 1212788
comparable economic growth (BAU, NP, and 450TZ), it is clear that
the introduction of technology policies in the power sector could
lower economy-wide emissions significantly (37.3 Mton of CO2 in
2030 for the electrification pathway derived under the NP sce-
nario), and that an environmental policy would be even more
effective in this regard (considering the electrification pathway
derived under the 450TZ scenario, emissions reach 30.8 Mton in
2030). Nevertheless, the higher economic growth implied by the
electrification pathway obtained under the E4A scenario, together
with the use of off-grid diesel for rural electrification, leads to
higher carbon emissions than under the NP scenario, despite
similar assumptions regarding technology policies (48.0 Mton of
CO2 in 2030). Remarkably, even if the emissions from the electricity
sector alone are lower (or equal) in the electrification pathway
derived for the E4A scenario than in the one derived under BAU
assumptions (despite electricity production being greater e see
Fig. 1), after 2023 economy-wide carbon emissions for the electri-
fication pathway obtained under E4A assumptions become higher
than in the pathway obtained under BAU.

To put these results in context in the absence of similar scholarly
work, an option is to look at the recent International Energy Agency
(IEA) country profile for Tanzania (IEA, 2019). In particular, IEA
considers a Stated Policies (SP) scenario, based on current and
announced policies, which can be compared to this paper’s NP
scenario. According to IEA (2019), electricity production in 2030 is,
similarly, just above 30 TWh, GDP in 2030 is almost twice in 2030
compared to 2018, making the NP scenario estimated in the present
work relativelymore optimistic (GDP in 2030 is 2.2 times as large in
2030 with respect to 2018 in the NP scenario), and coherently es-
timates a doubling of carbon emissions the over the same time
period, as in the present study.

The country’s carbon intensity captures, within a single indica-
tor, the environmental implications of a higher level of electricity
availability when this is reflected in the production of all sectors of
the economy. As illustrated in Fig. 5, under BAU assumptions car-
bon intensity increases from 0.27 kg of CO2 per $ of Value Added in
2015 to 0.29 kg in 2030. Decarbonization efforts directed at the
power sector can significantly contribute to decrease the same in-
dicator due to the relatively high CO2 intensity of the energy sector
(see below). The largest reduction is achieved under the 450TZ
scenario when the country’s carbon intensity decreases to a value
of 0.21 kg of CO2/$ in 2030. The implementation of a technology
policy (NP scenario) similarly leads to a value of 0.25 kg of CO2/$ in
2030. However, the positive effect of reducing the emission of the
power sector is weakened as the economy experiences a more
significant growth. Differently, in the E4A scenario, a decrease in
the first part of the simulation period is followed by a peak in 2024
(0.28 kg of CO2/$), followed by another reduction in carbon in-
tensity down to 0.26 kg of CO2/$ in 2030).

Overall these results suggest that acting on the decarbonization
of the power sector is certainly a step forward in terms of sus-
tainable growth. Nevertheless, to further reduce the country’s
carbon intensity, efforts should be directed to other carbon inten-
sive sectors of economy e the industrial sector among others. To
support this claim, Fig. 6 reports the sectorial contribution to Value
Added generation (left side) and carbon emissions (right side) for a
representative scenario. Under BAU assumptions, agriculture &
fishing grow from 27.9 billion $/year in 2015 to 78.8 billion $/year in



Fig. 6. Sectorial value added generation (left side) and carbon emissions (right side) between 2015 and 2030 e BAU assumptions e without considering changes in consumption
baskets.
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2030, the industrial sector increases from 12.3 billion $/year in 2015
to 34.9 billion $/year in 2030, and services from 13.5 billion $/year
in 2015 to 38.3 billion $/year in the same 15-year period. In this first
round of simulations, the relative contribution to the country
economy of these three main sectors remains constant over time
(51% agriculture & fishing, 22% industry, 25% services). Notably, the
development of the electricity sectors provides a very small direct
contribution to the creation of Value Added. Electricity is part of the
energy sector, which itself constitutes 2% of the economy. This
grows from 1.0 billion $/year in 2015 to 2.9 billion $/year in 2030 in
the BAU scenario. By contrast, the right side of Fig. 6 illustrates that
the share of energy-related CO2 emissions is quite significant (34.5%
of total emission in 2015, increasing to 39% in 2030). Hence, the
relatively large CO2 intensity of the energy sector. Only industry-
related emissions are larger (43.4% in 2015 and 40.5% in 2030),
while contributions from services are around 14%. As industry and
services contribute in similar way to the country’s GDP, the former
presents a larger CO2 intensity than the latter. Much smaller con-
tributions to the country’s emissions derive from the agricultural &
fishing sector (7.0% in 2015 and 6.5% in 2030).
4.2. Economic growth and environmental impact e changes in
consumption

The trade-off between economic growth and environmental
performance suggested by the first set of simulations is further
analysed here in light of potential changes in households’ con-
sumption baskets.

Fig. 7 (left side) compares value added generation between 2015
and 2030, with and without changes in consumption for a
Fig. 7. Impact of changes in households’ consumption baskets on Value Added generation (
assumptions.
representative scenario. Under E4A assumptions, differences be-
tween the two sets of simulations are hardly noticeable (Value
Added in 2030 is, respectively, 182.4 and 186.1 billion $/year in the
first and in the second set). When considering the economy-wide
CO2 emissions over the period 2015 and 2030, under the same
E4A assumptions, more remarkable differences emerge (Fig. 7, right
side). For instance, the simulated change in household consump-
tion increases emissions in 2030 from 48.0 to 57.2. Similar results
hold for all electrification pathways. In other words, changes in
consumption deriving from economic growth via an increase in the
compensation of the employees, have a significant impact on the
country’s carbon emission levels.

Consistently, the evolution of the country’s carbon intensity
between 2015 and 2030 also appears quite different when changes
in household consumption baskets are simulated. As illustrated in
Fig. 8, carbon intensity increases significantly from 0.27 kg of CO2
per $ of Value Added in 2015 to 0.34 kg in 2030, under BAU as-
sumptions. The most successful policy in reversing this trend re-
mains the environmental one: under 450TZ assumptions, carbon
intensity decreases to a value of 0.23 kg of CO2/$ in 2030. The
implementation of a technology policy (NP scenario) leads, instead,
to a lower decrease of same indicator. The positive effect of this less
aggressive decarbonization of the energy sector also means that
carbon intensity begins to rise again after 2022, returning to 0.28 kg
of CO2/$ in 2030. The limited efficacy of decarbonization policies as
the economy grows is also evident when considering the E4A
scenario. Carbon intensity under the E4A assumptions begins to
diverge from the one observed in the NP scenario as early as in
2019, starts to increase significantly after 2022 and reaches a value
of 0.31 kg of CO2/$ in 2030.
left side) and economy-wide CO2 emissions (right side) between 2015 and 2030 e E4A



Fig. 8. Carbon intensity between 2015 and 2030 e all electrification pathways e

changes in households consumption baskets.

M.V. Rocco et al. / Journal of Cleaner Production 263 (2020) 12127810
In this regard, it should be noted that, as expected for this sec-
ond round of simulations, the relative contribution of the different
sectors to the country economy does not remain constant over
time. As illustrated in Fig. 9 (left side), 51% agriculture&fishing, 22%
industry, 25% services become 42%, 25% and 31% in 2030, when E4A
assumptions are considered. Accordingly (Fig. 9 right side), the
sectorial contributions to the country’s carbon emissions in the
same representative scenario (E4A) shows that agriculture (initially
at 7%) decreases to 5.1% in 2030, industry remains almost constant
(from 43.4% in 2015 to 42.7% in 2030), while services register an
increase from 14.9% in 2015 to 16.5% in 2030 (also energy increases
from 34.5% in 2015 to 35.5% in 2030).

In sum, the results of this second set of simulations indicate that
the sustainability of the economic growth of the country can be
significantly affected by changes in household consumption habits.
As households acquire relatively less goods from primary activities
and relatively more products from the tertiary sector, trans-
portation and energy, the country’s carbon intensity is bound to
increase. At the same time, this apparent trade-off between eco-
nomic growth and environmental concerns is also driven by the
indicator chosen to measure the former. Of course, as more
households benefits from essential services, such as education and
health, and gain access to modern energy the well-being of the
population increases in manners which cannot be captured by
Value Added generation alone.
Fig. 9. Sectorial value added generation (left side) and carbon emissions (right side) betwe
5. Conclusions

Considerable debate exists concerning the role of electricity
availability in the economic growth, particularly of low-income
countries. Starting from the observation that the Government of
Tanzania considers the lack of infrastructure for power generation
and the current low access-rate among the obstacles to growth
(URT, 2016), this paper proposes a modelling approach which en-
ables a better understanding of the economy-wide implications of
expanding the electricity sector.

The electrification pathways considered in this study are four
and differ in terms of share of renewables in electricity production,
as well as in the timing to achieve full electrification. They are
estimated via an adapted OSeMOSYS model and designed to
simulate existing and potential technological and environmental
policies for the power sector. On the basis of these results, a tailored
macroeconomic Input-Output model is then employed to analyse
their impact on the country’s economic growth and carbon
emissions.

The model results indicate that while all electrification path-
ways lead to a remarkable economic growth over the observed
period, the direct and indirect effects on the environment of
expanding the electricity sector are similarly conspicuous. Policies
aimed at decarbonizing the electricity generation sector appear
effective in reducing the country’s carbon intensity (emissions
relative to Gross Domestic Product, GDP). Nevertheless, to limit the
increase in emissions as the economy growth, particularly under
the assumption of reaching full access already in 2030 in line with
the UN Sustainable Development Goals (General Assembly, 2015), it
would be important to introduce energy efficiency and/or decar-
bonization policies in other sectors of the economy as well e in
particular, in the industrial sector, currently the largest contributor
to carbon emissions.

Further insights derive from enabling the macroeconomic
model to capture the effect of economic growth on the compen-
sation of the employees and, ultimately, on the average income of
households. By focusing on the consumption side of the economy,
the model results indicate that changes in household consumption
habits might contribute significantly to the country’s carbon
emissions e as the average income increases households consume
more of carbon intensive goods and services. This suggests that,
when designing policies and interventions directed at reaching
sustainable development goals, the Government of Tanzania should
also pay particular attention to potential reductions in the carbon
intensity of the service sector.

In sum, while relying on the country’s renewable generation
en 2015 and 2030 e E4A assumptions e changes in households consumption baskets.



M.V. Rocco et al. / Journal of Cleaner Production 263 (2020) 121278 11
potential in the power sector is, indeed, an effective policy instru-
ment to meet national sustainability goals, additional policy in-
terventions are also necessary to address the sustainability
concerns associated with the expansion of the industrial sector, as
well as the increasing demand for (essential) services.

The analysis conducted in this paper has several limitations,
some of which can be addressed in further work. Specifically, to
fully explore the potential benefits and economy-wide impact of
full electrification, it would be important to improve the charac-
terization of household consumption in the macroeconomic model,
distinguishing, for example, between urban and rural consumers,
as well as new accesses and capacity or reliability increases.
Moreover, by improving the segment of the model capturing the
effect on household consumption habits and income growth, issues
related to poverty and income inequality might also be addressed.
Finally, it would be interesting to consider the effect of alternative
policies across other sectors of the economy, such as measures
directed at energy efficiency or instruments designed to curb car-
bon emissions.
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Acronyms

CGE Computable General Equilibrium
HI High income
LI Low income
MIOT Monetary Input-Output Table
OSeMOSYS Open Source energy Modelling SYStem
pc per capita
SAM Social Accounting Matrix

Symbols
A technical coefficients matrix
B environmental transactions coefficients matrix
I identity matrix
M imports matrix
R environmental transactions matrix
V factor use matrix
Y final demand matrix
Z intermediate transactions matrix
i summation vector
s structure of final demand
v factor use coefficients matrix
x total production matrix
E electrical energy
V sum factor uses
W subscript for workers
el subscript identifying the power sector
j number of environmental transactions
k number of factors of production
l number of final demand categories
n number of sectors in a country
y sum of final uses
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