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Background and Introduction 

In the context of the „Energiewende“ (energy transition), the German government has set a number of 

ambitious objectives with regard to energy efficiency  and  renewable energy sources (RES, >50 % of primary 

energy demand in 2050). Particularly in the electricity sector, despite the phase-out of nuclear electricity 

generation, a significant decrease of overall greenhouse gas (GHG) emissions shall be achieved (-40 % in 2020 

and -80 % to -95% in 2050, relative to 1990). 

The project Energiewende, has spurred a lively discussion in politics, society and science on how to achieve  

the objectives and on the associated costs. Special attention has been paid to the electricity sector. Here, the 

electricity generation from RES (RES-E) has been expanding rapidly in recent years (BMWi 2012).  

RES-E technologies with the ability to ensure constant output like hydro or geothermal have shown limited 

expansion except the dispatchable RES-E technology biomass. In terms of average yearly increase of installed 

capacity through the period from 2008 to 2011, hydroelectric capacity has expanded by 88 MWel, geothermal 

by 1 MWel and biomass by 499 MWel. Largely non-dispatchable technologies have expanded much faster: In 

the same period, installed capacity of wind power has increased by 1748 MWel per year on average, and 

photovoltaic (PV) capacities by 6306 MWel per year (BMWi 2012). 

These frame conditions necessitate an adaptation of the overall electricity system. Table 1 gives a summary of 

statistics as well as major prospective studies in this context. Schlesinger, Lindenberger, Lutz et al. (2010), in a 

study for the Federal Government, projected a total of 84 GWel installed capacity of wind and PV in 2030. This 

result was already outdated the same year by the conclusion of the legally binding German National 

Renewable Energy Action Plan (NREAP) which foresees a total of 107 GWel installed capacity of wind and PV 

until 2020. Nitsch, Gerhardt, Wenzel et al. (2012), again in a study for the Federal Government, project these 

figures to increase to a total of 128 GWel in 2030 and 150 GWel by 2050. Faulstich, Foth, Callies et al. (2011), 

discussing purely renewable based electricity supply by 2050, present scenarios of a total of up to 222 GWel of 

these three fluctuating technologies. 

The portfolio of approaches to meeting the challenge of high amounts of fluctuating generation notably 

includes load management, energy storage and expansion of flexibly dispatchable generation capacities. The 

determination of a suitable and cost-efficient technology mix is the object of an ongoing scientific debate. 

In terms of CO2 emissions abatement and energy saving potential the residential sector is, after the electricity 

sector, the second most important sector for the Energiewende. Here, the by far most important energy 

applications are space heating (SH) and domestic hot water (DHW). In 2010 they made up for 86.2 % of the 

final energy consumption of the residential sector1. This 86.2 % contribute 28.5 % to the total German final 

energy consumption of 9060 PJ (BMWi 2012). In its 2010 Energy Concept, the Federal Government aims at a 

                                                                    
1 total final energy consumption of the residential sector in 2010: 2581 PJ, SH: 1926 PJ, DHW: 299 PJ 
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reduction of the residential sector’s primary energy consumption by 80 %. Supposed measures include 

improved energy efficiency through energetic renovation of existing buildings, progressively strict efficiency 

standards for the construction of new buildings, and the use of RES for heating. These factors make the 

residential sector a key element in the Energiewende. 

Table 1: Historic and projected expansion of fluctuating RES-E capacities in GWel 

Technology Historic years NREAP Schlesinger et al. 

(2010), Reference 

scenario 

Nitsch et al. 

(2012),  

Scenario 2011 A 

Faulstich et al. 

(2011), 

Scenario 1b 

Year  2000 2010 2012 2020  2030 2050 2030  2050  2050 

Largely non-dispatchable RES-E 

Wind onshore  6 27 31 36  33 36           44  51  40 

Wind offshore  0 0 0 10  8 17 24  32  73 

PV 0 18 32 52  38 39 61  67  110 

Subtotal   6 45 63 107  84 92 128  150  222 

Largely steady-output or dispatchable RES-E 

Biomass 0 5 5(1) 9 6 6 10 10 31 

Hydro 4 4 4 4 6 6 5 5 5 

Geothermal 0 0 0 0 0 1 1 3 18 

Subtotal 4 9 9 13 12 13 16 18 54 

Fossil and nuclear 

Coal, lignite 54 53 55(1) n/a 30 18 21 5 0 

Nuclear 24 22 13(1) n/a 0 0 0 0 0 

Natural gas, oil 30 30 30(1) n/a 46 42 38 30 0 

Subtotal 108 105 98(1) n/a 76 60 59 35 0 
(1) figures for 2011 

Sources: BMWi (2012); NREAP  cf. Beurskens, Hekkenberg and Vethman (2011, p. 90, p. 106); Schlesinger, 

Lindenberger, Lutz et al. (2010, p. A1-20); Nitsch, Gerhardt, Wenzel et al. (2012, p. 116); Faulstich, M.; Foth, H.; 

Callies, C. et al. (2011, p. 92) 

Furthermore, recent publications discuss possibilities of the residential sector to beneficially contribute to the 

abovementioned challenges that the Energiewende imposes on the electricity sector. Nabe, Hasche, Seefeldt et 

al. (2011) analyse the potential of residential heat pumps (HP) for the system integration of RES-E 

technologies. In periods of excess electricity, HP convert electricity to heat. Thermal storage is used to store 

the heat until the moment of heat demand. The German utility company RWE AG field trials this approach 

since 2011 (RWE 2011). 

Furthermore, in periods of electricity shortage, flexible fast-ramp-up backup capacity can be provided by 

residential micro-CHP units, again in combination with thermal storage for temporal decoupling of electrical 

production and thermal usage. The German medium sized energy retailers Lichtblick AG and Enversum GmbH 

have started to build heat contracting business models based on this concept (cf. Schlemmermeier 2009).  

According to Lorenz (2011, p. 47) a field trial by the Swedish utility Vattenfall AG in Germany combines 

residential micro-CHP and heat pumps in a virtual power plant. 

 Energy systems research on synergies between the electricity sector and residential heating 

For the analysis of such concepts aiming at the creation of techno-economic synergies between the residential 

heating and the electricity sector as described above, the work presented in this contribution uses an 

integrated model approach of these two sectors. A short summary of the general approach is outlined below. 
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More details, particularly on the residential heating demand classification can be found in Merkel, Fehrenbach, 

McKenna et al. (2012), Kunze, McKenna, Fehrenbach et al. (2011) and Fichtner et al. (2013). 

The work presented in this abstract uses a bottom-up technology-explicit linear optimisation approach. The 

objective function represents the minimisation of total discounted system expenditures.  Optimisation 

constraints notably comprise the satisfaction of largely model-exogenous heat and electricity demand. 

Decision variables primarily represent the investment in and the dispatch of energy conversion technologies 

in the two modelled sectors. Analysing the period from the base year 2010 to 2050, the model is realised in 

the TIMES energy modelling environment (Loulou, Remme, Kanudia et al. 2005). 

In the modelling approach presented here, the characterisation of the electricity sector focuses on a 

disaggregated representation of the conversion technology capacities, classified by technology type, electrical 

power and plant vintage in approx. 90 model processes (cf. Figure 1). Electricity transport and demand on the 

other hand are represented in an aggregated way. 

 

Figure 1: Structure diagram of the TIMES-Heat-and-Power model, cf. Kunze, McKenna and 

Fehrenbach (2011) p. 20 

In the residential heat sector, this simplification cannot be carried out. When compared to the electricity 

supply, residential heat supply lacks a universally available transport and distribution grid.  While district 

heating made up for 8 % of the final energy consumption for space heating and hot water in the residential 

sector in Germany in 2010, the vast majority of heat is generated locally, i.e. within the object it supplies. 

Hence, as opposed to grid-based electricity supply, object-based heat supply units have to match the building 

they supply. 
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Methods 

For this reason, as opposed to the aggregated demand representation in the electricity section, in the 

residential heat section of the model, demand is classified into 48 classes of building-specific heat 

consumption and building-external infrastructure availability. The demand for space heating and domestic 

hot water is a model input and partitioned among the demand classes.  It is projected until 2050 based on the 

calculations of a separate building stock model developed in McKenna, Merkel, Fehrenbach et al. (2013) which 

simulates the evolution of the heat demand of the German residential stock taking into account the dynamics 

of the building stock and the heat consumption of building types. Energy conversion technologies are 

represented in 45 classes of technology type and thermal power. Finally, heat demand classes are allocated to 

specific heat supply technology options. As well as conversion technologies, thermal insulation measures at 

different levels of effectiveness and specific investments are provided in the model that can be included in the 

optimisation. 

Of these object-based technologies, the main technologies that create aforementioned synergies between the 

residential heating and the electricity sector are heat pumps and micro-CHP (mCHP). The combination of the 

two, along with sizable thermal (hot water) storage allow for electrical load management and flexible 

electricity production, storing the generated heat until the time of heat demand. However, in order for this 

concept to allow for the compensation of excess or deficient availability of non-dispatchable RES-E capacities, 

a centralised control of the decentralised units is necessary, based on forecasts of RES-E feed-in, heat demand 

in the supplied objects and general electricity demand. 

These features are reflected in the basic methodology chosen for this analysis,  i.e. minimisation of total 

discounted system expenditures over the entire model horizon. This approach equates to the assumption of 

perfect foresight, therefore emulating the extensive use of feed-in forecasts. Furthermore, the system 

perspective implied by the minimisation of total system expenditures corresponds to the centralised 

concerted control of decentralised units. 

In order to be able to analyse concepts as suggested in e.g. Lorenz (2011), an appropriate time resolution has 

to be chosen allowing for the complex interactions between fluctuating RES-E feed-in, particularly wind and 

PV, residential heat demand, electricity demand to be taken into account. In order to reflect these dimensions’ 

periodicities, time resolution has to reflect at the same time diurnal, weekly as well as seasonal variations. For 

this reason, the work presented in this abstract uses 224 time slices, representing 7 type days per 4 seasons in 

8 time slices per type day.  

Scenario definition and results  

The electrical load curve is taken from ENTSO-E. Electrical load variations caused by electrical heating and 

heat pumps are considered model-endogenously and are therefore subject to optimisation. Heat load curves 

used in the model rely on simulation results based on VDI (2008).  Wind feed-in curves are taken from 

SEPCaMo results (ISET 2010). PV feed-in is based on own calculations using solar radiation time series from 

SoDa (2012). 

Four scenarios are defined to reflect possible evolutions of key parameters. The definition of the scenario set 

is outlined in Table 2. One dimension of the scenario system represents different possible evolutions of 

techno-economic technology assumptions, more specifically the specific investment of the two heating 

technologies that are coupled with the electricity system, HP and mCHP. While in one set of scenarios (“a”) 

they are left constant from base year over the whole model horizon, in the other set of assumptions (“b”) they 

are assumed to decrease considerably. 
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The other dimension is designed to reflect different pathways of macro-economic and policy assumptions, 

such as fuel prices, CO2 emission certificate prices and RES-E expansion paths. For ex., crude oil prices 

increase from 10.5 €2009/GJ in 2010 to 24.0 €2009/GJ in 2050 in Sc. 1a and 1b, while only increasing to 

14.9 €2009/GJ in 2050 in Sc. 2a and 2b. Similarly, CO2 emission certificate prices increase from 14.3 €2009/tco2 in 

2010 to 75 €2009/tco2 in 2050 in Sc. 1a and 1b as opposed to 45  €2009/tco2  in Sc. 2a and 2b. Expansion paths 

until 2050 for fluctuating RES-E are taken from Nitsch, Gerhardt, Wenzel et al. (2012, p. 116) in Sc. 1a and 1b, 

amounting to 150 GWel of fluctuating RES-E capacity in 2050. In Sc. 2a and 2b, expansion paths are taken from 

Schlesinger, Lindenberger, Lutz et al. (2010, p. A1-20, reference scenario), amounting to 92 GWel in 2050 

respectively (cf. Table 1). 

Table 2: Overview of scenario definition 

   Technology assumptions 
     Characteri-
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“Slow 
progress” 

“Innovation” 
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Characteri-
sation 

Fuel prices CO2 
emission 
certificate 
prices 

RES-E 
expansion 

Assumption 
set 

“a” “b” 

“Considerable 
increase” 

Nitsch, Gerhardt, Wenzel et al. (2012) p. 51 
(price path “A“), p. 116 

“1” Scenario 1a Scenario 1b 

“Moderate 
increase” 

Nitsch, Gerhardt, Wenzel 
et al. (2012) p. 51 (price 
path “C“) 

Schlesinger, 
Lindenberger, 
Lutz et al. 
(2010) 
p. A1-20 

“2” Scenario 2a Scenario 2b 

 

The combination of the two dimensions, one relating to the analysed technologies themselves, the other 

relating to the macro-economic and energy policy environment conditions, yields four scenarios. 

Preliminary model results show that both HP and mCHP technologies are part of the cost minimal technology 

mix in all scenarios, with marked differences between scenarios. While for ex. in Sc. 2b, mCHP expands up to 

8.6 GWth in 2030, corresponding to 3.4 GWel, in Sc. 2a, only 4.7 GWth (1.9 GWel) are installed in 2030, delivering 

110 PJ of heat and 12 TWh of electricity in Sc. 2a as opposed to 56 PJth and 6 TWhel in Sc. 2b. For HP, in the 

same results year, Sc. 2a shows 20 GWth, supplying 83 PJth. Thermal storage buffers up to 124 PJ of heat in 

2040. Towards 2050, investments shift away from mCHP towards heat pumps. This phenomenon is more 

pronounced in Sc. 1a and 1b than in Sc. 2a and 2b. 

For comparison, in Germany pumped storage provides approx. 38 GWhel of electrical storage capacity and 

approx. 6 GWel of electrical generation capacity, buffering approx. 6 TWh of electricity per year, with very 

limited expansion potential of this technology in Germany. 

Conclusions 

In conclusion, thermal storage provides considerable flexibility for electrical load shift of HP and flexible 

electricity generation of mCHP in residential applications, which in turn provide a significant contribution to 

flexibilising electrical load by up to 10 GWel and providing flexible electricity generation capacities of up to 

3.4 GWel, needed for the integration of fluctuating RES-E technologies. In the context of rising shares of 

fluctuating RES-E, even under constant techno-economic assumptions for mCHP and HP (compared to the 



 

6 

 

year 2010) the model suggests an economic potential for these technologies in combination with thermal 

storage under the premise of optimal operation by a centralised control entity using forecasts. Therefore, the 

identified synergies between electricity generation and residential heating are worth being investigated in 

more detail to achieve the targets of the Energiewende. 
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