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A B S T R A C T   

The flexible use of energy is seen as a key option to facilitate the integration of volatile renewable energy sources 
(RES) into the electricity sector. In this study, we focus on flexibility in the service sector, in terms of flexible 
technologies, experiences and willingness to participate in demand response (DR) actions. We analyse the 
technically possible future deployment of flexibility, the practically possible deployment of flexibility and also 
take the reduction of RES surplus electricity into account. Our results are based on survey data from over 1.500 
service sector companies (offices, trade, hospitality) and modelling results with a time resolved DR model 
(eLOAD). The data show that service sector companies have few experiences in DR so far, which is among others 
caused by the unfavourable regulatory conditions to participate in flexibility markets. The currently most 
common forms of DR are load shedding and flexible tariffs and optimized purchase of electricity. Participation in 
DR varies between subsectors and company sizes, but on average all subsectors are interested in extending 
(automated) DR measures in the future. Our projections result in a possible technical deployment of flexible 
electricity of 7.74 TWh of which about 510 GWh can be used to reduce renewable surplus electricity (in case of a 
50% RES share). In case of a 80% RES share, this can reach 1.63 TWh. Integrating the willingness of companies to 
participate in DR, the practical possible deployment results in 131 GWh reduction of renewable surplus elec
tricity. This can be interpreted as a first-mover potential for DR. Future increased need for flexible demand could 
raise the profit for the companies and their willingness in participating in DR. Further analyses on most 
promising target groups of companies would help to tap the potentials and to create market offers as well as 
policies to incentivise participation.   

1. Introduction 

Over the course of the energy transition, the increase in volatile 
renewable energy sources (RES) will result in new challenges for the 
energy system. Flexible demand is seen as one way to mitigate these 
challenges and to ensure the security of supply, for example, by reducing 
peak loads and therefore potentially avoiding otherwise necessary 
network expansions, and by integrating electricity from renewable en
ergy sources (RES). At present in Germany, mainly industrial enterprises 
participate in flexibility markets and their high loads compensate the 
fluctuations in supply [1]. Future developments will raise the value of 
flexible demand and may involve less energy-intensive sectors as well 
(such as services and households). Regarding the service sector, the 
loads available at each business site are smaller, but are more 

widespread regionally and energy consumption does not affect their 
core business activities. Their loads usually can be shifted immediately, 
but only over short periods. These characteristics might make the service 
sector’s flexibility potential especially interesting for load balancing on 
a regional distribution grid level. Therefore, it seems worth taking a 
critical look at the potentials and options for smaller consumers to take 
part in flexibility markets, particularly since many studies already as
sume a deployment of these flexibility potentials [e.g. 2, 3, 4]. 

Measures to change electricity usage patterns on the demand side are 
referred to as demand response measures (DR, e.g. Ref. [5]). They aim to 
improve the utilization of variable renewable energy sources and sup
port system stability. Furthermore, because they reduce the need for 
conventional power plants for load compensation and the need for 
additional electricity infrastructure, electricity prices can be lowered. 
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Different definitions of DR potential need to be distinguished [6,7]. 
The theoretical potential can be seen as the upper limit of potential, e.g. 
summing up the loads or the consumption of all appliances that can be 
used for DR purposes. The technical potential also considers technical 
constraints, such as temperature-dependent availability, e.g. in the case 
of air conditioning (AC) or heat pumps. The economic potential takes 
economic viability into account, assuming that measures are only taken 
if they are profitable. Profitability depends on economic parameters 
such as energy prices, and financial parameters such as discount rates. 
The practical potential depends on perceived barriers and organisational 
restrictions, which influence the decision to take DR action. Both the 
economic and the practical potential may be influenced by policy set
tings that could increase the uptake of DR options. 

The described potentials refer to different levels of demand flexibility 
on the consumer side (here: service sector companies). This flexibility is 
only needed for certain timeslots (e.g. to smooth the residual load) and 
thus cannot always actually be deployed. Hence, besides the potential, 
another important parameter is the actually deployed flexibility. This is 
the share of the potential flexibility, which is actually deployed, 
depending on the need for flexibility due to the availability of energy 
compared to demand at different points of time, i.e. it represents the 
amount of flexible electricity that is available and actually needed. It is 
therefore significantly lower than the technically available flexibility, 
since the need for flexibility on a national scale is often limited to hours 
with high PV production in summer or night hours with high wind 
production in winter. Not all the flexible technologies are available 
during these hours: for instance, air-conditioning is not usually available 
in winter. If the need for flexibility is reflected in electricity prices, the 
deployed flexibility is related to the economic potential, but differs in 
terms of price levels, additional efforts, investment costs and profit
ability calculations. 

Previous studies have already estimated the DR potential for the 
service sector [2–4]. Depending on the database, method and projected 
year, the calculated theoretical, technical and economic potentials vary 
between 5 and 10 TWh/a flexible energy for the service sector in 
Germany. 

The economic potential, in particular, also depends on the financial 
compensation for providing flexibility and low payments hinder the 
willingness to participate in DR. In Germany, different options exist to 
market demand-side flexibility. They derive from the need for reliable 
supplements on the supply side, and they integrate flexible options of 
electricity consumption, e.g. for balancing and frequency reserves. 
Flexible loads can be traded on the balancing or spot market. Addi
tionally, loads can be used for congestion management under the 
Ordinance on Interruptible Load Agreements (Abschaltbare Lasten 
Verordnung, AbLaV) [8]. Other forms of demand-side management 
include time-variable tariffs, where electricity prices vary over time 
depending on the availability of electricity. 

On Germany’s balancing market and under the Ordinance on Inter
ruptible Load Agreements, flexible loads need to prequalify to fulfil 
minimum standards. The regulatory environment to participate in DR is 
less favourable than in other countries [9]: Bid sizes and reaction times 
vary between 1 and 5 MW and from seconds to 15 min, respectively. To 
open the market to more customers, bid sizes and bidding cycles have 
recently been adapted [9]. In the latest revisions, pooling of loads is also 
permitted, e.g. by third party actors like aggregators, as is the partici
pation of medium voltage grids thus facilitating participation for smaller 
customers and smaller loads. A standardized process (aggregator model) 
for contracting and financial compensation between the parties is 
currently in the works and has been thoroughly discussed by the German 
regulatory agency Bundesnetzagentur [10] and other relevant 
stakeholders. 

Predominantly large, energy-intensive enterprises or third party 
players participate in the above mentioned markets. This year, about 60 
providers prequalified; most of the participating enterprises were from 
the industrial sector or energy providers [11]. The service sector has not 

participated so far [1]. Before the revision of the AbLaV in 2016, it was 
only accessible for larger loads, which systematically excluded com
panies from the service sector. Indeed, only thirteen enterprises at the 
most participated under the previous ordinance [12]. 

In general, demand-side flexibility in the service sector is much less 
common than in industrial sectors. One reason is that most consumer 
loads do not fulfil the prequalification standards (e.g. minimum bids, 
guaranteed availability of loads, required technology and other tech
nical/organisational issues, cp [13]). The energy consumption of the 
available flexible appliances in the service sector is usually smaller than 
the appliances typically used in industrial companies. Pooling might 
become a feasible option in the service sector, especially once standards 
are established for the aggregation. However, the possible rewards are 
relatively small compared to the effort needed to participate in the 
market. More common demand-side options for flexible loads are 
minimizing peak loads or atypical grid loads which result in lower grid 
fees for the customer. In Germany, consumers with special types of grid 
use can profit from lower grid fees (StromNEVx19, sec. 1 and 2) if either 
their consumption exceeds 10 GWh within 7000 utilization hours 
(intensive use) or their peak consumption lies outside defined high-load 
periods of the network operator (atypical grid use). In some cases, these 
advantages counteract participating in other flexibility options, because 
load reductions or peaks due to balancing might result in losing the 
(higher) privileges under the StromNEV. 

Variable electricity tariffs are characterized by prices that vary 
depending on time, load, consumption or load management issues [14]. 
The most common variable tariffs are time-of-use (TOU), critical peak 
pricing (CPP) and real-time pricing (RTP) that differ in the timespan of 
scheduling. In Germany, the EnWG (Energiewirtschaftsgesetz - German 
Energy Industry Act) obliges energy providers to offer variable tariffs. 
Currently, however, most energy providers use the simplest form of TOU 
tariffs with two price periods, e.g. day and night rates. Often these tariffs 
are combined with specific technologies like night storage heating. A 
few suppliers or aggregators already offer a kind of RTP tariff, where 
electricity prices vary depending on exchange prices [15]. With the 
growing significance of renewable energies, the number of offers might 
increase. 

Given the current developments in the energy transition and the 
energy system, the conditions for trading flexible energies will change. 
Recent revisions of the participation requirements for the balancing 
markets and the development of the aggregator model indicate the 
increasing importance of flexible loads and participating parties. To tap 
into a larger share of the potentials offered in the service sector, the 
economic incentives must be improved, because participating in the 
market under current conditions is either impossible or economically 
unattractive for less energy-intensive companies. 

The aim of this study is to assess the technical and practical flexibility 
deployment in order to estimate the possible contribution of the service 
sector to flexible demand options. The technical flexibility potential 
considers the total technically available flexible load of the service 
sector. The practical flexibility deployment refers to the share of com
panies willing to conduct DR. The technical and practical flexibility 
deployment differs from the technical and practical potential in that the 
former refers to the actually deployed flexible energy according to the 
actual need for flexibility. In contrast, the technical or practical potential 
describes the available flexible energy whether it is needed or not. We 
also estimate the economic benefit of the deployed flexibility on the 
basis of a real-time price. In the case of a real-time price, no prequali
fication standards need to be considered to evaluate the potentials un
like for the balancing market, for example. 

We (i) examine the current state of DR actions and starting points in 
the service sector in Germany in a market research survey. The results 
include the assessed willingness of the service sector to participate in DR 
and an estimation of the accessible consumption provided by the flexible 
appliances in this sector. Using the insights gained, we (ii) calculate the 
technically and practically deployable share of flexible energy of the 
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service sector using the time-resolved eLOAD1 model [16], which opti
mizes the national DR deployment based on the least-cost scheduling of 
flexible loads. We conclude (iii) with an estimation of the economic 
benefits and an outlook to future changes in energy demand considering 
flexible appliances in the service sector. 

2. Methods and data 

2.1. Market research survey 

To evaluate the current state of flexible loads and the deployment of 
demand-side management in the service sector, a market research study 
was initiated within “EnSYS-FlexA” and “AVerS”, two projects funded by 
the German Federal Ministry for Economic Affairs and Energy. The focus 
lies on estimating flexibility potentials while considering certain pre
conditions as well as restrictions and acceptance issues influencing the 
potential to use flexible loads for DR. 

To focus on the most relevant subsectors of the service sector, we 
conducted a preceding deeper analysis of the subsectors’ shares in 
electricity consumption and the availability of flexible cross-cutting 
technologies (cp [17]). Cross-cutting technologies refer to technolo
gies that are used across the whole service sector such as ventilation/air 
conditioning (V&AC), refrigeration/freezing (RF), heat pumps (HP), 
(electric) hot water heaters (HW) and night storage heaters (NSH). The 
results of this analysis indicated that offices, trade and hotel
s/restaurants are the most relevant subsectors: Together they account 
for 70.5 TWh/a (i.e. more than 50% of the service sector’s total elec
tricity consumption and about 14% of Germany’s total electricity con
sumption) with large shares of consumption in flexible cross-cutting 
technologies. The quantitative data we used as input for our approach 
are derived from a survey of our three selected subsectors. The data were 
collected between May and July 2017 with the help of a market research 
institute. The data were obtained using CATI (computer assisted tele
phone interviews) with the person in charge of energy issues at each 
company. The survey contained items on the measures taken regarding 
DR, plans to implement DR measures and general preparedness for 
automated DR options as well as facilitating conditions like BMS 
(building management system) or energy management systems. Our 
final sample contains 1584 complete datasets and is structured as 
Table 1 shows: 

Large enterprises: more than 50 employees; medium enterprises: 
10–49 employees; small enterprises: less than 10 employees. 

In order to assess a sufficiently high and comparable number of en
terprises within every category of size and subsector, the distribution of 
enterprises is not representative regarding these characteristics. Thus, 
we weighted our results regarding sectors and categories of sizes ac
cording to the distribution in Germany given by the Federal Statistical 
Office [18] to obtain results in line with the representative population. 

The survey also contained questions about the availability and di
mensions of flexible appliances. On this basis, we calculated the energy 

consumption of flexible appliances for the surveyed subsectors (for de
tails, see Ref. [19]). This consumption data is the basis for calculating 
the deployed flexibility using eLOAD. 

Assessing the willingness of companies to participate in DR aims at 
analysing the practical potential, i.e. the share that will realistically 
contribute to the total deployed flexibility. In contrast to technical po
tential estimations, unwilling companies are not counted because their 
technical potential cannot be used. The willing share symbolizes “first- 
movers”, who are relatively easy to persuade and whose potentials are 
more easily accessible. On the other hand, although there is no guar
antee that unwilling companies will ever participate, the willing ones 
can act as role models that may influence hesitant companies and make 
them more willing to participate. 

2.2. The eLOAD model 

We calculate the deployment of flexibility using eLOAD – a model 
that optimizes the scheduling of flexible loads to consume electricity in 
hours with low retail prices, therefore generating savings in electricity 
procurement through arbitrage. The eLOAD (energy LOad curve 
ADjustment) model [16] uses the share of flexible loads in the service 
sector and their total electricity consumption as input to calculate the 
optimal deployment of flexibility. 

eLOAD addresses the active adjustment of the load curve through 
DR. In this study, we use eLOAD to determine the least-cost scheduling 
of flexible loads on the demand-side depending on an hourly pricing 
signal (real-time price). The hourly pricing signal is an exogenous model 
parameter and in our study, it is calculated based on the residual load2 

taken from Ref. [24], and adjusted after the deployment of each cohort 
of flexible loads. Since the pricing signal correlates with the residual 
load, the least-cost scheduling of the flexible load also simulates the 
potential contribution of demand-side technologies to residual load 
smoothing and RES integration. 

Residual load smoothing enables the efficient operation of existing 
electricity generation assets and grid infrastructure as well as reducing 
the need for investment in new capacities [20]. As mentioned above, a 
major input to the eLOAD are the hourly generation profiles of renew
able energy sources. Most of the renewable energy sources are charac
terized by volatile supply. In 2017, Germany already reached a RES 
share of 36% in gross electricity consumption [21]. The target share of 
renewable energies in gross electricity consumption in 2030 is 50% as 
stated in the German government’s “Energiekonzept” [22]. The coali
tion agreement of 2018 intends to increase this target to 65% [23]. 
When modelling our results, we assumed a share of about 50% of 
renewable energy sources in the power mix. We also analysed an addi
tional scenario with an 80% share of renewable energies for sensitivity 
purposes. 

The specific shares assumed for renewable energies in net electricity 
generation are: 15% PV (47.2 TWh), 41% onshore wind (112.0 TWh), 
25% offshore wind (69.1 TWh) and 17% others (e.g. biomass) (45.1 
TWh). The total final electricity demand in Germany is 520 TWh in this 
scenario. Time resolved renewable electricity production and produc
tion profiles are taken from the base scenario of the long-term scenarios 
of the German Ministry for Economic Affairs and Energy ([24], p.223, 
Table 60). We refer to this scenario as the 50% RES-scenario. 

The optimal load schedule for processes that are particularly suited 
to DR is calculated with eLOAD based on the electricity consumption 
pattern (i.e. the load profile3) of the respective process, as well as 
techno-economic parameters and restrictions (e.g. capacity, storage or 
organisational constraints). A mixed-integer optimisation is carried out 

Table 1 
Sample structure of the quantitative survey (derived from Wohlfarth et al. [19]).  

Sectors Number of 
enterprises 

Company 
size 

Number of 
enterprises 

Offices 675 Small 456 
Retail/trade 553 Medium 691 
Hotel, lodging, 

restaurants 
356 Large 437 

Total 1584  

1 www.forecast-model.eu. 

2 The residual load equals the system load minus the generation of fluctuating 
renewable energies.  

3 For details regarding the generation of process-specific load profiles and 
there application in the eLOAD model, see Ref. [16]. 
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to determine the least-cost scheduling of the load under the assumed 
price signals. The objective is formally described as 

Min
Xhmax

i¼hmin

Xi� ctþhmaxþ1

j¼iþctþhmax � 1

�
lsij ⋅

�
pj ⋅ ð1þ jj � ij ⋅ ciflsÞ � pi

��

where i 6¼ j are counting variable and i; j 2 ½hmin; hmax� i.e. i; j 2 ½0; oi �
1�. With the shifted load ls, the optimisation interval ½hmin; hmax�with the 
optimisation interval length oi, the cycle time ct, the consumption in
crease factor cif, the hourly electricity price p [16]. 

As a result, the model delivers a quantitative assessment of deployed 
load shifting, providing detailed information about the seasonal, weekly 
and hourly load shifting availability of the individual appliances. It 
generates a smoothed residual load curve that can be used in an elec
tricity market model to quantify the impacts of DR on the electricity 
system. 

eLOAD is an established model that has frequently been used in 
German and European studies for policy makers and industrial cus
tomers [25]. For this study, the methodology to represent the share of 
flexible technologies in the model was complemented by the consumers’ 
willingness to provide flexibility for the energy system; this reflects the 
practical potential. Using empirically assessed data on electricity con
sumption and adding the aspect of willingness derived from the survey 
data is a methodological improvement compared to the former 
approach. We also estimate the deployed flexibility of the service sector: 
The technically deployed flexibility assumes all companies participate in 
DR with their flexible appliances. We refer to the practically deployed 
flexibility (or first-mover flexibility) if only willing companies 
participate. 

2.3. Assessing the flexibility potential of the service sector 

The total consumption of all the flexible appliances together can be 
regarded as the theoretical potential provided by service sector com
panies. The actually deployed flexibility is smaller, because the total 
theoretical potential can neither be used technically nor is it always 
required when available. The actual deployment involves the load 
profiles or the need for flexible electricity to smooth the load profiles 
and assumptions regarding technical restrictions on using the flexible 
appliances for DR. In order to calculate the actual flexibility deploy
ment, we include this consumption data (theoretical potential) in the 
eLOAD model. 

In the following sections, we compare the deployed flexibility if 
100% of the service sector’s flexible consumption is available (technical 
deployment) vs. if only willing companies participate in DR (practical 
deployment). 

Thus, we distinguish the following concepts:  

� Consumption of flexible appliances: The electricity consumption 
related to flexible technologies, i.e. V&AC, RF, HP, HW and NSH. 
This can be seen as a theoretical potential and is the basis for 
modelling the technically and practically deployed flexibility.  
� Technical flexibility deployment: This is the electricity consumption of 

flexible technologies of the service sector deployed to smooth the 
residual load. Compared to the consumption of flexible appliances, 
appliance-specific parameters for load shifting (e.g. maximum 
duration of load shift and availability of appliances depending on 
time and season) are taken into account as well as the need for 
flexibility depending on the residual load. It is assumed that 100% of 
the companies of our selected subsectors of the service sector 
participate in DR.  
� Practical flexibility deployment: This uses the same determinants as the 

technical flexibility potential but additionally takes into account the 
willingness of companies to participate in DR (as determined from 
the survey), i.e. not 100% of the sector’s companies participate in 

DR. Only the willing companies contribute to the total flexibility 
deployment.  
� Reduction of RES surplus4 electricity: We use this exemplary concept to 

show that more flexibility is not necessarily better in every case: The 
generation of renewable electricity varies during the year and 
depending on weather conditions, so renewable surplus electricity 
and the availability of flexible technical appliances do not always 
match in time and amount. Therefore, the RES surplus that can be 
reduced using flexible appliances is only a share of the total technical 
flexibility deployment. 

3. Results 

3.1. Flexible shares and willingness to provide flexibility - results of the 
market research survey 

3.1.1. Current state and future options of demand response in the service 
sector 

Based on our weighted survey data, we calculated the shares of en
terprises in Germany in our selected subsectors that already conduct DR 
(temporal adjustments in electricity consumption, including time shift
ing or load shedding) and those who are generally willing to do so 
(Table 2). Our definition of DR willingness is described below. 

The share of companies who already conduct DR differs regarding 
size and subsector. The highest shares are enterprises trading and 
dealing with food (food retail and restaurants). The size of enterprises 
also plays a role, with large enterprises (more than 50 employees) 
conducting DR significantly more often than small ones. However, the 
service sector features the largest share of enterprises with fewer than 10 
employees, so they should not be left out of our calculations. 

Only a small share (3.5%) of the total sample already conducts DR. 
Different DR options were possible as were multiple options: Most of the 
enterprises already conducting DR do load shedding (about 57%, 
lowering the peak load). Time-variable tariffs, optimized purchase of 
electricity (e.g. at the power exchange) and bilateral agreements (i.e. 
individual contract, e.g. concerning power cut-offs) are also common 
with between 20 and 30% of enterprises. Time-variable tariffs are stated 
more often in offices; optimized purchase is more common in the trade 
sector than in the other sectors, while bilateral agreements were rarely 
mentioned in the trade sector. 

To learn more about the potentials for DR in the service sector, we 
also asked if the participants of the survey could imagine implementing 
DR in their company, i.e. automatically or externally controlled re
actions to price signals. The answers were given on a 5-point Likert-scale 
between “definitely not” (1) and “definitely yes” (5). Those companies 
that stated they would at least agree to participate (rating 3 to 5) or 
those that already conduct DR (i.e. optimized energy purchasing, time- 
variable tariffs, load shedding, participation in balancing markets, or 
agreements on load cut-offs) were counted as “willing to conduct DR”. 
According to their answers, the willing share in the selected subsectors 
of the service sector is 16.5%; again, the shares vary between the 
subsectors. 

3.1.2. Flexible electricity consumption in the service sector 
Besides the willingness to use it, the specific DR potential depends 

especially on the availability of flexible appliances and their electricity 
consumption. 

Table 3 shows the yearly consumption of flexible appliances in the 
service sector. The numbers for V&AC and Refrigeration are taken from 
Wohlfarth et al. [19]; the numbers for hot water, HP and NSH are 
derived from Schlomann et al. [26] (water), Kleeberger et al. [27] and 

4 RES surplus: when the residual load reaches negative values it can be taken 
as an indicator that (locally) the renewable electricity production exceeds the 
electricity consumption. 
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Wolf et al. [28] (heat pumps), and Klobasa [2] and Wolf et al. [28] (night 
storage). 

Table 3 shows that especially air conditioning and cooling rooms 
have a high share in the total electricity consumption of the service 
sector companies, but they are not equally distributed over the different 
subsectors. Trade accounts for more than half of the total consumption 
of the analysed subsectors. 

3.2. Technical and practical flexibility deployment - results of the eLOAD 
model 

Table 4 lists the electricity consumption of the processes in the ser
vice sector that are considered for modelling flexibility deployment 
under the condition of increased renewable integration (section 2.2) and 
gives the options for load shifting: The scheduling of circulation pumps 
and V&AC is limited and can be shifted by 1 h maximum to ensure a 
constant provision of heat and fresh air and thus comfortable conditions. 
Additionally, we assume that AC is only used at high temperatures. Heat 
pumps, hot water and refrigeration processes are considered to be 
equipped with a physical storage, e.g. a hot water tank. Their load 
shifting potential is calculated endogenously in the eLOAD model, 
considering storage restrictions and the hourly storage discharge; for 
details, see Ref. [16]. 

When modelling the technical flexibility deployment, we use these 
shifting parameters and the specific consumption (Table 4 and section 
3.1.2) of each flexible appliance, assuming that all appliances present in 
the companies are generally available for flexible use. The practically 
deployed flexibility involves only the share of companies that stated 
their willingness to participate in DR. 

In the following, we analyse the described scenario with 100% 
availability of the flexible technologies (section 3.2.1) and compare it to 
the practical case including data from the survey on the willingness to 
participate in DR (section 3.2.2). The economics of the flexibility 
deployment are assessed in section 3.2.3 in the case that electricity price 
arbitrage (difference between peak and off-peak prices) is the source of 
economic benefit. 

3.2.1. Technical flexibility deployment - results of the 100% participation 
scenario 

We first look at the average uncontrolled load profiles of the 
considered processes in the service sector (Fig. 1 upper graph, for details 
on the load profiles, see Ref. [29]). The consumption for heat provision 
is increases in winter and the heating profiles are characterized by more 
or less continuous electricity consumption over the course of the day, 
and a large share of consumption at night in the case of night storage 
heating (NSH). The consumption for ventilation and air-conditioning is 
higher in summer, which is due to the demand for air-conditioning that 
only occurs on hot days. The electricity consumption for ventilation and 
air-conditioning as well as for refrigeration already coincides quite well 
with the low residual load during summer midday hours (due to high 
shares of renewables in the scenario). In winter, the residual load has the 
lowest values in the early morning hours that feature no particularly 
high electricity consumption. 

When considering DR (Fig. 1 bottom figure), the load is shifted pri
marily towards midday hours and early morning hours with a relatively 
low residual load in summer and winter (i.e. where renewables are 
abundant). In summer, the shift towards midday is more favourable, 
while early morning hours are preferred in winter. Overall, the largest 
flexibility can be provided by ventilation and air-conditioning processes, 
but, most of this can only be provided in summer. For both seasons, 
refrigeration and freezing processes show the highest available flexi
bility since the refrigeration chambers have a large internal storage. 

Our analysis of flexible processes across the different subsectors 

Table 2 
Current and future DR in the service sector (% refer to the share of companies).  

Sectors Share of enterprises conducting DR DR willingnessa Company Size Share of enterprises conducting DR DR willingness 

Offices 1.6% 12.8% Small 3.1% 13.7% 
Retail/trade 4.2% 17.3% Medium 6.3% 19.4% 
Hotel, lodging, Restaurants 10.7% 31.8% Large 14.6% 29.2% 
Total 3.5% 16.5% Total 3.5% 16.5%  

a DR willingness includes the companies already conducting some kind of DR and those stating they can well imagine conducting automatically or externally 
controlled DR. 

Table 3 
Consumption of flexible appliances in the three selected subsectors of the service 
sector in 2017 in GWh/a (derived from Ref. [19]).  

Electricity consumption in GWh/a Offices Trade H&R Total 

V&AC Ventilation 650 1195 429 2273 
AC 1552 3704 304 5560 

Refrigeration and 
freezing (RF) 

Fridges 53 1252 1768 3073 
Freezer 11 581 934 1527 
Cooling room 18 2863 849 3730 
Freezing room 9 608 324 942 

Hot water (HW) Electric water 
heating 

900 700 1300 2900  

Sum 3193 10904 5907 20004 
HP Heat pumps    298 
NSH Night storage 

heating    
1785  

Total    22087 

H&R: Hotels, lodging & Restaurants, Trade: Wholesale & Retail trade. 

Table 4 
Shifting parameters of flexible appliances.  

Appliance Electricity 
consumption 
GWh/a 

Avg. hourly 
useable 
storage 
capacity in 
MWha 

Max. load 
shifting 
durationb 

V&AC Ventilation 2273 – 1 h 
AC 5560 – 1 h 

Refrigeration 
and freezing 
(RF) 

Fridges 3073 �945 1 h 
Freezers 1527 �480 1 h 
Cooling 
rooms 

3730 �867 24 h 

Freezing 
rooms 

942 �243 24 h 

Hot water (HW) Electric 
water 
heating 

2900 �795 24 h 

HP Heat pumps 298 �231 24 h 
NSH Night 

storage 
heating 

1785 �5660 24 h 

V&AC: Ventilation & Air-conditioning, RF.: Refrigeration and freezing, HW: Hot 
water, HP: Heat pumps, NSH: Night Storage Heaters. 

a Amount of shiftable load and frequency depend on the available storage 
capacity. The storage size is calculated endogenously in the model; for details, 
see Ref. [16]. 

b The maximum load shift duration is an exogenous model parameter. The 
load shifting duration of appliances without a storage is limited to 1 h to avoid 
loss of comfort. Appliances with a storage can shift their loads in an interval of 
24 h, since electricity prices are currently available one day ahead in Germany. 
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reveals that V&AC has the highest electricity consumption and also re
sults in the highest flexibility potential (Table 5). The same goes for the 
subsector trade that shows by far the highest electricity consumption in 
the considered processes (51% of the total subsector electricity demand) 
and thus the highest load shifting potential. 

Table 6 lists the flexibility deployed to smooth the residual load and 
the contribution of each process to integrating RES electricity in the 
residual load in the case of the technical flexibility deployment (all 
companies participate in DR). In our calculations, V&AC processes 

already provide about 36% of the flexibility in the service sector, fol
lowed by refrigeration and freezing with about 34%. Regarding the 
contribution of the appliances to reduce surplus energy, the relations 
slightly differ: V&AC provide over 35%, followed by refrigeration and 
freezing with about 28%. Most of the RES surplus electricity occurs in 

Fig. 1. Average process loads (area plot, left scale) and residual load (black line, right scale) in the 50%RES-scenario, uncontrolled (above) and with 100% 
participation of DR options (technical deployed flexibility) (below). 

Table 5 
Technical flexibility deployment in TWh/a (50%RES-scenario) in the selected 
subsectors.   

Unit V&AC RF HW HP NSH Total 

Total TWh 2.75 2.64 1.22 0.13 0.99 7.74 
H&R TWh 0.26 1.28 0.67 0.04 0.33 2.59 
Offices TWh 0.94 0.02 0.31 0.06 0.44 1.77 
Trade TWh 1.55 1.33 0.25 0.03 0.22 3.38 

V&AC: Ventilation & Air-conditioning, RF.: Refrigeration and freezing, HW: Hot 
water, HP: Heat pumps, NSH: Night Storage Heaters. 

Table 6 
Summary of flexibility deployment for different processes (50%RES-scenario) in 
the selected subsectors.   

Unit V&AC RF HW HP NSH Total 

Electricity 
consumption of 
flexible 
technologies 

TWh 7.83 9.27 2.90 0.30 1.79 22.09 

Technical flexibility 
deployment 

TWh 2.75 2.64 1.22 0.13 0.99 7.74 

Reduction of RES 
surplus electricity 

GWh 181 143 12.8 68.8 104.5 510 

V&AC: Ventilation & Air-conditioning, Refr.: Refrigeration, HW: Hot water, HP: 
Heat pumps, NSH: Night Storage Heaters. 
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sunny summer midday hours when V&AC show particularly high 
availability. 

Table 7 shows the deployment of flexible service sector technologies 
over the year. AC is only relevant in the summer and can therefore only 
be used then to make the electricity system more flexible. Conversely, 
heaters are hardly used in summer. Cooling appliances that are operated 
all year round can also be used in winter. In general, higher capacity 
utilization is achieved in winter. 

Table 8 shows the contribution of the service sector to reducing 
surplus RES in GWh. The final line shows the RES surplus before DR (in 
yellow). The results show that, in sum, about 20% (510 GWh) of the total 
RES surplus (2.5 TWh) can be absorbed by the analysed service sector 
subsectors (offices, trade, hospitality). In specific months with low RES 
surplus, almost all the surplus electricity can be reduced with flexible 
appliances from these sectors. 

The contribution of the service sector’s flexible demand to the inte
gration of RES is relatively small, as the flexibility options in the service 
sector can be deployed frequently (i.e. every day), but can only shift 
their loads for a few hours and in an interval of only one day. Therefore, 
if RES surplus occurs (almost) throughout the day, its reduction is hardly 
possible, because consumption cannot be shifted from hours without 
surplus to hours when RES surplus occurs. In this case, the flexibility 
options of the service sector only have a smoothing effect on the load. 
The difference between the reduction of RES surplus (510 GWh) and the 
technical flexibility deployment (7.74 TWh) implies that the service 
sector has the potential to contribute even more to reducing the RES 
surplus, but the availability of flexible loads does not match the surplus 
of renewable energies. In the 50% scenario, RES surplus is relatively 
concentrated in some periods, especially in autumn. 

We therefore additionally analysed a scenario with a higher share of 
renewable energies, since we assume that this would increase the 
overlap of available flexible loads and RES surplus. The scenario with an 
80% share of renewable energies (which is comparable to the target 
share of 2050) [22] shows that the reduction of RES surplus by the 
service sector would then be more than three times as high as in the 50% 
scenario (Table 9). Although the shifted load is the same as in the 50% 
scenario, the reduction of surplus RES is much higher in the 80% sce
nario, since situations with RES overproduction occur more frequently 
in the 80% scenario and the available flexibility in the service sector 
reduces negative residual load situations rather than merely smoothing 
the load curve. 

3.2.2. Practical flexibility deployment - results of the “realistic” 
participation scenario 

16.5% of service sector companies say they are willing to conduct 
automated DR measures in the future. It can be assumed that the share of 
willing companies will increase if the regulatory framework improves 
and there is incentivizing regulation. Especially the companies with high 
technical flexibility potentials (large companies and companies from the 
subsectors trade and restaurants) show significantly more interest in 
carrying out DR measures. This share can be seen as a first-mover po
tential. The above discussed technical flexibility deployment that as
sumes 100% participation of the regarded subsectors is reduced here, 
because only willing companies can be taken into account when esti
mating the practical potential. If only the willing share of companies 
contributes to the deployment of flexible energy, the practical flexibility 
deployment is reduced to 1.82 TWh (24% of the technically deployed 
flexibility). 

This value is close to the weighted (i.e. representative) total sector 
willingness to deploy flexible technologies of 16.5% from the survey (see 
Table 10). The difference stems from the fact that the first MWh of 
flexibility is of the greatest value for the system. In cases where only a 
small amount of electricity needs to be shifted, it can be compensated 
with the practically deployed flexibility. 

3.2.3. Economic benefit of the flexibility deployment 
Financial profitability is an important incentive to participate in DR. 

We assume the electricity price depends on the residual load (see Section 
2.2). To assess the economics of flexibility deployment, we therefore 
calculate the future electricity price using a polynomial function that 
connects the residual load of the eLOAD model in 2030 with the elec
tricity price [30]. With this approach the model creates a real-time price 
for flexible demand. The price CðtÞ in EUR/MWh with residual load PðtÞ
in GWh is calculated using the following equation: 

CðtÞ ¼ c3PðtÞ3þ c2PðtÞ2þ c1PðtÞ þ c0  

with the hourly electricity price CðtÞ, the residual load PðtÞ, and the 
regression coefficients c3 ¼ 0:0008 c2 ¼ � 0:0922, c1 ¼ 5:0624 and 
c0 ¼ 27:415. For a residual load equal to zero or negative, a linear 
correlation is used: 

CðtÞ ¼PðtÞ þ c0 

The described function was developed by Dallinger [30] based on 
experiences with the clearing results of an electricity market simulation 
model. The resulting hourly price time series shows an average price of 
C ¼ 109 EUR=MWh ​ (considerably higher than the average in 2017: 

Table 7 
Normalized shifted load for the different processes. The values are normalized to the month with the highest shifted load (eq. 
100%) load in the 50% RES-scenario. 
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32.9 EUR/MWh5) and an average spread of ΔC ¼ 6 EUR=MWh ​ be
tween two consecutive hours. The price depends on the residual load 
and changes when the load curve changes. 

Applying this price function, we find that 23 EUR/MWh per year can 
be achieved on average for each shifted MWh of electricity. The analysed 
sectors stand to gain around 178 million euros in revenue from the 
technical flexibility potential of 7.74 TWh. 

3.2.4. Future development of energy consumption 
We base our calculation of the consumption of flexible appliances on 

empirical data from 2017. It can be assumed that consumption might 
change in the future and thus also the available share of flexible demand. 
We therefore refer to data from Fraunhofer ISI [24] considering de
velopments until 2030. Due to efficiency measures, the service sector 
sees decreasing electricity consumption between 2017 and 2030. The 
decrease is particularly due to improved energy efficiency and the 

phase-out of electric storage heating. Storage and direct electric heating 
are replaced with heat pumps by 2030. Table 11 shows the changes in 
consumption for each flexible technology. 

The consumption of V&AC stays more or less the same. Although 
there will be gains in energy efficiency, the number of AC systems is 
expected to increase in the future. The number of NSH will decrease to 
the benefit of heat pumps, so the ratios change between the appliances 
contributing to the deployed flexibility. The overall consumption and 
the flexible potential will decrease, but incentives (affecting the will
ingness to participate, e.g. regulations and the increasing value of flex
ible demand) as well as improved technological standards facilitating 
the controllability of appliances will increase the realistic flexibility 
potential. 

4. Summary and discussion 

Our results show that only a small share of the considered subsectors 
from the service sector conduct DR so far (about 3.5%). The most 
common DR measures are load shedding, flexible tariffs and optimized 
purchase of electricity. One reason for the low share of companies from 
the service sector are the unfavourable regulatory conditions that 
impede participation (e.g. prequalification criteria, difficult market ac
cess/difficulties with load aggregation). In other countries with more 
favourable regulatory conditions, the participation in DR is higher [9, 
31]. Due to the fact that service sector companies use fewer 
energy-intensive cross-cutting appliances and due to the large share of 
small companies in this sector, DR is also financially less attractive. 
Automatic or externally controlled DR measures are considered to tap 
the maximum potential. In our considered subsectors (trade, offices, 
hospitality), especially electrical cross-cutting appliances like VAC, 

Table 8 
Contribution of the service sector to reducing the RES surplus in the 50% RES-scenario (GWh). 

Table 9 
Shifted load and RES surplus reduction in the 80% RES-scenario.   

Unit Technical 

Flexibility deployment (shifted load) TWh 7.75 
Reduction of RES surplus electricity TWh 1.63  

Table 10 
Summary of technical vs. practical flexibility deployment in the service sector.   

Unit Technical Practical Ratio practical/ 
technical. 

Consumption of flexible 
appliances 

TWh 22.09 3.64 16.5% 

Flexibility deployment 
(shifted load) 

TWh 7.74 1.82 24% 

Reduction of RES surplus 
electricity 

GWh 510 131 26%  

Table 11 
Electricity consumption in 2030 of potentially flexible processes in the service 
sector and its development between 2017 and 2030.   

Unit V&AC RF HW HP NSH Total 

2017 TWh 7.83 9.27 2.90 0.30 1.79 22.09 
2030 TWh 7.83 7.69 1.33 0.35 0 18.20 
2017 vs. 2030  0% � 17% � 54% 17% � 100% � 18% 

Source: Fraunhofer ISI [24]. 

5 Source: EPEX; taken from Fraunhofer ISE (https://www.energy-charts.de 
/price_avg_de.htm?year¼all&price¼nominal&period¼annual). 
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refrigeration, heat pumps, electrical water heating and night storage 
heaters seem appropriate. The largest potentials can be ascribed to VAC 
and refrigeration processes. 

We used the eLOAD model to calculate the deployment of flexible 
electricity that could be provided by flexible appliances in the service 
sector. The modelled deployment is market-based and supported by 
modelled price signals from a spot market. Other (mainly grid-based) 
incentive systems, and possible future incentives for flexible behav
iour, such as variable grid tariffs, are neglected in this study, even 
though they could offer higher potential revenues. Since the service 
sector is not present on any of the potential flexibility markets, the 
analysed case in this study serves to provide insights into the available 
and usefully deployable amount of flexibility in this demand-side sector. 
We distinguished between technically and practically deployed flexi
bility. Technical deployment refers to the case where all flexible appli
ances participate in DR; practical deployment refers to the share of 
companies willing to provide their appliances for DR purposes (first- 
movers). The main results are summarized in Table 11. The technical 
calculations resulted in about 7.74 TWh of electricity shifted to smooth 
the residual load curve. The technical deployment of flexibility thus 
amounts to around 35% of the overall consumption of flexible appli
ances in the selected subsectors of the service sector (about 22 TWh), i.e. 
the theoretical potential in our scenario. This is due to the fact that not 
all the flexibility is necessary or available to smooth the residual load in 
every hour of the year. The same applies to the RES surplus reduction. 
Technically, renewable surplus electricity can be reduced by 510 GWh 
per year: Although there is a RES surplus of 2.5 TWh and a practical 
flexibility deployment of 7.74 TWh, it is not possible to reduce all the 
RES surplus. RES surplus often occurs with high peaks which cannot be 
absorbed by our selected sectors alone, or the duration of RES surplus is 
too long, so that a shift from hours without surplus to hours when sur
plus occurs is hardly possible. A higher share of RES could thus create 
more opportunities to integrate the flexibility potentials; our calcula
tions for the 80% RES scenario result in 1.63 TWh. 

When considering the willingness to participate, our practical calcu
lations resulted in 1.82 TWh flexibility deployment and 131 GWh 
reduction of renewable surplus electricity with the first-movers. 

In another study [19], the same consumption data (theoretical po
tential) were used to estimate flexibility potentials that could be pro
vided by the sector (irrespective whether or not they can be deployed at 
the point of time of availability). The technical potential, e.g. for VAC, 
resulted in 1/6 of the technical flexibility deployment (Table 12), 
assuming 1 h of load shifting on 30 days in summer, and in half of the 
technical flexibility deployment for refrigeration, assuming 2 h of load 
shifting each day of the year. Compared to these estimations, our results 
show an average of 6 h of daily load shifting for VAC (in sum on 30 days 
in summer) and 4 h of daily load shifting for refrigeration appliances to 
smooth the residual load. This indicates that the actual technical feasi
bility of flexibilisation (i.e. frequency and duration of loadshift param
eters for appliances) needs further research, especially with respect to 
aspects of comfort. 

In the conducted survey, we asked about the future potentials of DR. 
The participants were asked if they could imagine load management that 
automatically adjusts the consumption of their appliances assuming 
there were no additional costs for the control technologies. This question 
is naturally hypothetical and the answers are given based on current (e. 

g. technical and regulatory) experiences. If these circumstances and the 
incentives to participate improved in the future and such measures were 
better known, the willingness to provide flexible loads might be much 
higher. Regarding the willing share of companies, small companies with 
less than 10 employees dominate the results, because most companies in 
Germany fall under the category of small enterprises. Furthermore, the 
willingness to conduct DR is asymmetric: Compared to small companies, 
large companies are more willing, have higher energy consumption and 
are most likely our primary target group. The large enterprises in the 
service sector could function as role models for the subsequent broader 
rollout of DR. However, considering the willingness of possible partici
pants in DR gives additional insights compared to exploring potentials 
based on only technical assumptions. Current research either does not 
consider the willingness of the service sector to provide flexibility or 
determines this based on simple assumptions. 

Regarding the economic benefit of flexibility provision, our as
sumptions are comparable to the exploitation of spot market price 
spreads in a real-time price-based electricity tariff. The results related to 
a future higher share of RES depend heavily on the development of price 
spreads. We did not consider economic potentials in other flexibility 
markets like the balancing market, because they are mostly inaccessible 
or unattractive – especially to the small companies that make up a large 
part of the service sector. A further development of these markets, easier 
access and an extension of the aggregator model could help to tap 
flexibility potentials, raise acceptance and reduce the required organ
isational efforts. 

The modelling of flexible loads could be extended to include other 
markets. In this case, the market could be chosen to match the load 
patterns and the availability of flexibility. So far, the decision to conduct 
a DR measure is modelled in eLOAD based on the spot market electricity 
price only. The model would need to be extended, e.g. by introducing 
commodity and capacity prices of the reserve markets. 

Furthermore, incentive-based DR programmes also exist, such as 
direct load control or power cut-offs. In the eLOAD model, these pro
grammes are only considered for industrial processes at the moment, 
such as primary aluminium production. Developing these options for 
smaller flexible loads would allow an even more holistic assessment of 
the potential benefits from DR and of the impact of additional DR pro
grammes on process load adjustment and residual load smoothing. 

Complementary to the energy quantities (MWh), the load peaks 
(MW) could be taken into account to evaluate a load-shifting potential. 
Their additional value comes from levelling and compensating peak 
loads, while our focus was on smoothing the residual load and inte
grating renewable energies. 

Additionally, the calculation of DR with the eLOAD model is based 
on load profiles that reflect the consumption behaviour. However, these 
load profiles are of course based on statistical analysis and could change 
in the future. For further research, an analysis whether and to what 
extend the results change with different consumption behaviour would 
be an interesting research question. 

5. Conclusions 

Overall, we gained valuable insights into the current and future state 
of DR activities through a market research survey in the German service 
sector. These insights were used to improve the representation of the 
available flexible technologies in a DR model (eLOAD). 

The main conclusions of our study are summarized as follows:  

i. The share of companies conducting DR measures in the service 
sector is currently small (about 4%), but the share of companies 
willing to participate is more than four times as high as this 
(16.5%).  

ii. The technical flexibility deployment for our selected subsectors is 
estimated at 7.74 TWh per year, which is around 35% of the 
theoretical DR potential (the consumption of flexible appliances) 

Table 12 
Overview of main results of the 50% (resp. 80%) RES scenario (TWh).  

Consumption of 
flexible appliances 

Technical 
flexibility 
deployment 

Practical 
flexibility 
deployment 

Technical 
reduction of RES 
surplus 

22.09 7.74 1.82 0.51 
1.63 (80% RES 
share)  
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because only a smaller share is technically available for flexible 
use and not always available when required. 

iii. The modelling resulted in reducing the renewable surplus elec
tricity per year by about 510 GWh with a 50% RES share and 
1.63 TWh with an 80% RES share.  

iv. The willingness to contribute to DR in the service sector needs to 
be considered. The share of willing companies can be seen as first- 
movers able to kick-start a trend to tap a large share of the 
technically available potential in the future. 

Further research could include the modelling of other flexibility 
markets such as the balancing markets and additional DR measures. 
These options could increase the financial benefits of DR for companies. 
The effect of potential financial gains on the companies’ willingness to 
participate in DR should also be analysed in detail. 
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