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Key questions
 Which heat and electricity supply pathways are cost-optimal from today‘s point of view?

 Can the climate protection targets of 2030 and 2050 be achieved with these pathways?

 What is the role of building refurbishment measures?

 How will district energy consumption structures change under the influence of local generation 
and new consumers (electric mobility)?

Starting point
Existing district (case study) in a densely populated urban area to be refurbished in 2020

Approach
 Comparative analysis and evaluation of sector coupling pathways with a district optimization 

model

 Selection of a district as a case study and consideration of current regulatory framework 
(EEG, KWKG)
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Design and operation optimization for cost optimal district energy supply system under consideration of 
various sector-coupling options and an increasing integration of electric mobility
 Based on open source python package FINE [1]

[1] Welder L, Linssen J, Robinius M, Stolten D. FINE - Framework for Integrated Energy System Assessment. 
2018. Available: https://github.com/FZJ-IEK3-VSA/FINE
[2] Welder L, Ryberg D S, Kotzur L, Grube T, Robinius M, Stolten D. Spatio-temporal optimization of a future 
energy system for power-to-hydrogen applications in Germany, Energy, 158, 2018

https://github.com/FZJ-IEK3-VSA/FINE
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[1] “TABULA - Scientific Report Germany - Further Development of the National Residential Building 
Typology”  Institute for Housing and Environment (IWU), Darmstadt / Germany, 2012

 Construction year: 1965
 8 apartments per building

 ~16 Inhabitants
 Adapted building shape based on TABULA database [1]

 Type building: “DE.N.MFH.05.Gen.ReEx.001.003”
 Living area: 640 m²
 Roof area: 396 m²
 Wall area: 515 m²
 Windows area: 110 m²
 Floor area: 396 m²

The pathway analysis includes two different building standards:
1. Existing buildings without refurbishment 
 Spec. Heating Load 152 kWh/m²

2. Existing buildings with comprehensive refurbishment (Wall, roof, windows, floor) 
 Spec. Heating Load 44 kWh/m² (Based on EnEV 2016 )

 Electricity demand from electric mobility
 Share of 65% battery electric vehicles (BEV) per 

building (six BEV)

District Optimization – Building Parameters (Case Study)
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Transformer

Natural 
Gas

Electricity

District (18 Buildings)
Domestic electricity demand [kWhel/a] 389,184
Heating demand incl. hot water (without refurbishment) [kWhth/a] 2,064,365

Heating demand incl. hot water (with refurbishment) [kWhth/a] 816,798

BEV electricity demand [kWhel/a]* 219,175

Max. installable PV capacities** [kWp] 622

 18 Buildings with similar building 
parameters

 District peak load:
 Electricity: 

 349 kWel
 Heating: 

 818 kWth

*: Demand 
based in total on 
95 BEVs
**: Optimizer
determines the
installed
capacities

9
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Results – GHG*-Emissions 2020

Year Electricity Natural Gas
1990 0.761 0.25
2020 0.467 0.24

[1] Langfristszenarien für die Transformation des Energiesystems in Deutschland – Modul 2: Referenzszenario 
und Basisszenario, Studie im Auftrag des Bundesministeriums für Wirtschaft und Energie, 2018
[2] DIN 18599, Energetische Bewertung von Gebäuden- Berechnung des Nutz-, End- und Primärenergiebedarfs 
für Heizung, Kühlung, Lüftung, Trinkwarmwasser und Beleuchtung

Emission factors
(kgCO2-eq/kWh):
based on [1,2]

*GHG = Greenhouse Gases

GHG Emissions [kgCO2-eq]
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[1] Langfristszenarien für die Transformation des Energiesystems in Deutschland – Modul 2: Referenzszenario 
und Basisszenario, Studie im Auftrag des Bundesministeriums für Wirtschaft und Energie, 2018
[2] DIN 18599, Energetische Bewertung von Gebäuden- Berechnung des Nutz-, End- und Primärenergiebedarfs 
für Heizung, Kühlung, Lüftung, Trinkwarmwasser und Beleuchtung
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Results – GHG*-Emissions 2030

66% CO2 reduction target (with BEV) 66% CO2 reduction target (without BEV)

Year Electricity Natural Gas
1990 0.761 0.25
2030 0.38 0.24

*GHG = Greenhouse Gases
Emission factors

(kgCO2-eq/kWh):
based on [1,2]

GHG Emissions [kgCO2-eq]
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[1] Langfristszenarien für die Transformation des Energiesystems in Deutschland – Modul 2: Referenzszenario 
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Results – GHG*-Emissions 2050

Year Electricity Natural Gas
1990 0.761 0.25
2050 0.055 0.24

85% CO2 reduction target (with BEV) 85% CO2 reduction target (without BEV)

*GHG = Greenhouse Gases
Emission factors

(kgCO2-eq/kWh):
based on [1,2]

GHG Emissions [kgCO2-eq]
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[1] Langfristszenarien für die Transformation des Energiesystems in Deutschland – Modul 2: Referenzszenario 
und Basisszenario, Studie im Auftrag des Bundesministeriums für Wirtschaft und Energie, 2018
[2] DIN 18599, Energetische Bewertung von Gebäuden- Berechnung des Nutz-, End- und Primärenergiebedarfs 
für Heizung, Kühlung, Lüftung, Trinkwarmwasser und Beleuchtung
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Parameter Variation – GHG*-Emissions 2030

Year Electricity Natural Gas
1990 0.761 0.25
2030 0.38 0.24

66% CO2 reduction target (with BEV) 66% CO2 reduction target (without BEV)

Natural Gas Price: 6.07 ct/kWh

*GHG = Greenhouse Gases
Emission factors

(kgCO2-eq/kWh):
based on [1,2]

GHG Emissions [kgCO2-eq]



IEK-3: Institute of Electrochemical Process Engineering
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und Basisszenario, Studie im Auftrag des Bundesministeriums für Wirtschaft und Energie, 2018
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Parameter Variation – GHG*-Emissions 2030

Year Electricity Natural Gas
1990 0.761 0.25
2030 0.38 0.12

66% CO2 reduction target (with BEV) 66% CO2 reduction target (without BEV)

100 % Biogas Price: 10.07 ct/kWh

*GHG = Greenhouse Gases

GHG Emissions [kgCO2-eq]

Emission factors
(kgCO2-eq/kWh):
based on [1,2]



IEK-3: Institute of Electrochemical Process Engineering

Wrap-up

21

Key findings from the selected case study (urban district with 18 multi family houses):
 Integration of electric mobility in building energy systems (sector coupling) increases local 

electricity demand in districts

 Currently CHP solutions show highest economic efficiency due to existing regulatory 
framework

 Cost of other pathways are in the same order of magnitude but differ significantly in terms of 
GHG emissions and energy demand

 Refurbishment is key to reduce GHG emissions and to reach efficiency targets

 All electric energy supply portfolios based on heat pumps can meet future GHG-Emission 
targets, however defossilisation of the electricity mix is a prerequisite 

 CHP pathways require renewable gas to reach future GHG-Emission targets

Integrated urban energy supply system optimization tools considering heat, electricity and energy 
demand from electric mobility on the one hand and a broad technology portfolio including sector 
coupling technologies on the other hand are key instruments for planners, utilities, grid operators…
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District (Without Refurbishment) – Total Annual Costs (TAC)

330,248 367,943 315,541 231,625 358,114

1 2 3 4 5

Reference AllElectric Boiler
PV

CHP SOFC  
HP

+11.4%

-4.5% -29.9%

+8.4%
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District (With Refurbishment) – Total Annual Costs (TAC)

330,248 320,973 320,971 271,911 338,165

1 2 3 4 5

Reference AllElectric Boiler
PV

CHP SOFC  
HP

-2.8% -2.8%
-17.6%

+2.4%
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District (Without Refurbishment) – Electricity and Natural Gas Purchase

1 2 3 4 5
Self-Consumption %  
(Building| District)* 0 | 0 89.0 | 89.2 57.5 | 65.7 51.6 | 55.4 81.0 | 83.4

Autarky %
(Building| District)* 0 | 0 21.6 | 21.7 22.7 | 25.9 84.9 | 91.3 59.1 | 60.9

Reference AllElectric Boiler
PV

CHP SOFC  
HP

[k
W

h]

*: Related to electricity
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District (With Refurbishment) – Electricity and Natural Gas Purchase

1 2 3 4 5

Reference AllElectric Boiler
PV

CHP SOFC  
HP

[k
W

h]

Self-Consumption %  
(Building| District)* 0 | 0 78.9 | 82.8 55.3 | 65.5 73.7 | 77.5 72.0 | 75.2

Autarky %
(Building| District)* 0 | 0 22.7 | 23.9 20.5 | 24.2 68.3 | 71.9 80.2 | 83.9

*: Related to electricity
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Technologies CAPEXCap CAPEXFix OPEX Lifetime Efficiency Literature

PV 1,400 €/kWp 1,000 € 1 % of CAPEX 25 - [1-3]

Condensing Boiler 100 €/kWth 2,800 € 1.5 % of CAPEX 20 90 % [4-6]

Heat Pump 600 €/kWth 5,000 € 1 % of CAPEX 20 COP = 2.5 [2,4,5]

ICE-CHP 1000 €/kWel 15,000 € 7 % of CAPEX 20 25 %el

60 %th

[5,7]

SOFC-CHP* 6,345 €/kWel 4,441 € 7 % of CAPEX 8 52 %el

33 %th

[8,9]

Thermal Storage 34 €/kWhth 23 € 0 % 25 99.9 %** [5,10]

Battery 700 €/kWhel 2,000 € 0 % 15 90.0 %*** [11-13]

* KFW subsidy included
**Self discharge of 0.5%
***Self discharge of 0.01%
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District Optimization – Cost Assumptions (Germany, 2020)

Comments
Interest rate 4 % Own assumption
Household Electricity Price 0.2988 €/kWh [14]
Heat Pump Electricity Price 0.2171 €/kWh [14]
Household Natural Gas Price 0.0607 €/kWh [14]
Household Biogas Price 0.1007 €/kwh [15]
PV Feed-In Tariff <= 10 kWp 0.1003 €/kWh [16]

continuous decrease of
1% compared to today<= 40 kWp 0.0979 €/kWh [16]

CHP Premium <= 50 kWel 0.08 €/kWh [17] 60,000 full load hour
CHP-Index 0.0372 €/kWh [18] mean of last 3 years
CHP Self Consumption 0.04 €/kWh [17] 60,000 full load hour
Avoided network tariffs 0,00995 €/kWh [19]
EEG Levy 0.0669 €/kWh [20] mean of last 3 years

Electricity (GHG Factor) 0.467 kgCO2eq/kWh [21]

Natural Gas (GHG Factor) 0.24 kgCO2eq/kWh [22]
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District (Without Refurbishment) - Installed Capacities

Reference AllElectric
Boiler

PV CHP
SOFC

HP
Battery [kWhel] 0 0 20 0 30
Boiler [kWth] 585 0 585 0 0
CHP [kWth] 0 0 0 503 0
Heat Pump [kWth] 0 490 0 0 453
PV [kWp] 0 475 290 159 256
SOFC [kWth] 0 0 0 0 51
Thermal Storage 
[kWhth] 340 1826 340 1332 1293
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District (With Refurbishment) - Installed Capacities

Reference AllElectric
Boiler

PV CHP
SOFC

HP
Battery [kWhel] 0 0 0 0 146
Boiler [kWth] 585 0 228 0 0
CHP [kWth] 0 0 0 249 0
Heat Pump [kWth] 0 200 0 0 150
PV [kWp] 0 292 269 254 143
SOFC [kWth] 0 0 0 0 51
Thermal Storage 
[kWhth] 340 957 511 1078 922
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Top-Down and Bottom-Up Load
kW

h

kW
h

1 2 3 4 5

Reference AllElectric Boiler
PV

CHP
HP

SOFC  
HP

1 2 3 4 5

Reference AllElectric Boiler
PV

CHP
HP

SOFC  
HP

Existing buildings without
refurbishment

Existing buildings with
refurbishment
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