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Abstract 

By providing demand-side flexibility without any service 

interruption, hybrid heating systems can foster the 

integration of non-dispatchable renewable energies into 

the power grid and avoid greenhouse gas emissions from 

carbonized electricity production. However, such systems 

are not yet controlled by a signal providing the marginal 

CO2 content of the avoided electricity production as few 

studies inquired this point in details. In this article we 

show that a pool of hybrid heat pumps, supplied 

alternatively with electricity or with gas do minimize the 

carbon intensity of heating. For this purpose, an urban 

energy model was used to generate the heating demand of 

100 000 dwellings throughout France and the electricity 

system was modeled based on priority lists with 

constraints for scheduling and dispatching the electricity 

generated by the power plants. The marginal electricity 

mix corresponding to a pool of 100 000 heat pumps and 

the corresponding activation time for a gas boiler were 

evaluated. 

Key Innovations 

• Development and calibration of priority list models 

for electricity systems 

• Evaluation of the marginal electricity mix related to 

the deployment of electric heat pumps for space 

heating 

• Evaluation of hybrid technologies to deacrease the 

GHG emissions of space heating during the transition 

phase towards low emission electricity grids 

Practical Implications 

• Tool for better understanding the link between 

building energy use and electricity production 

systems. 

• Control strategies for hybrid systems 

Introduction 

In order to decrease the greenhouse gas (GHG) emissions 

due to heating, France plans to increase the number of 

heat pumps used for space-heating and improve the 

insulation of buildings (Ministère de la transition 

écologique et solidaire 2019). Consequently, the share of 

electricity in space-heating will grow, which could bring 

a delay in the decommissioning of fossil-fuel power 

plants. Indeed, fossil-fuelled power plants are mostly 

activated in winter during the coldest weeks although the 

French yearly average electricity emission factor is low. 

In the future, electrification of space-heating could 

maintain or even increase peak electricity consumption in 

winter as the coefficient of performance (COP) of heat 

pumps decreases when the outside temperature decreases. 

Furthermore, the low renovation rate observed since 2017 

(RTE ADEME 2020) highlights the difficulties to 

maintain peak demand under control.  

Since heating demand can be fulfilled with different 

energy carriers and is highly seasonal, choosing the right 

energy carrier at the right time is crucial to 

decarbonization. Hybrid heating systems coupling an 

electric heat pump and a gas boiler (commonly named 

hybrid heat pumps) could be used to optimize this choice. 

However, currently the main application for such systems 

is undersizing the heat pump in order to improve its 

performance and reduce the installation costs (Klein, 

Huchtemann, and Müller 2014). More recently, the 

coupling of different energy carriers for demand side 

management, cost reduction or carbon footprint reduction 

has been examined. Because changes in electricity 

demand influence the behavior of the electrical 

production system, the impact of short-term (from 30 

minutes up to two days) changes in demand on the 

electrical production system has to be modeled to 

implement such strategies. 

Several French and international studies estimated the 

GHG emissions due to short-term variations in electricity 

demand. In (Roux, Schalbart, and Peuportier 2017) an 

equilibrium model for the French electricity production 

system was developed and estimated the marginal 

emission factor for a low consumption building of 

between 765 and 929 gCO2eq.kWh-1. The attributional 

method gave a factor of between 79 and 110 gCO2eq.kWh-

1. (Erik Delarue 2009) also used an equilibrium model 

combined with an advanced priority list model in order to 

reduce the simulation time. (Clauß et al. 2019)  

demonstrated that curtailment of the electricity 

consumption driven by GHG emissions actually had a 

positive effect when the daily fluctuation of the emission 

factor of electricity compensated for the increase in 

electricity consumption after the interruption. With hybrid 

heat pumps, the gas boiler replaces the heat pump and the 

curtailment of electricity consumption doesn't cause an 

increase in electricity consumption.  

The scope of this article is to enquire an optimal control 

of a pool of hybrid heat pumps at the national level in 

order to decrease the GHG emission of the heating 
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demand. Choosing the right energy carrier (electricity or 

natural/renewable gas) would be driven by the GHG 

emissions of the entire energy system, including the 

national grid without, at this stage, the exchanges at the 

border. It would contribute to security of supply during 

cold waves and ensure a decrease of GHG emissions 

associated with space-heating in present and future, 

particularly if the objectives concerning building 

insulation and the decarbonization of the electrical system 

are not met. In this article, we estimate the origin of the 

electricity that would be needed to be generated in order 

to supply electricity for additional heat pumps heating 100 

000 dwellings in France. This evaluation is then used as a 

control signal broadcasted to the hybrid heating systems 

and tested for various configurations (from 1 up to 300 

dwellings connected to a single hybrid heat pump). From 

this information the advantages of hybrid systems for the 

decarbonization of the heating demand is deduced. 

In the first part of this article, an urban energy model used 

to calculate the heating demand for the 100 000 dwellings 

will be presented. In the second part of this article, a 

model of the French electrical system is developed and 

validated. The model is then used to estimate the marginal 

electricity mix of 100 000 additional dwellings and 

determine the national duration and pattern of activation 

of the gas boiler. A parametric analysis is also conducted 

to evaluate the variation of the activation potential. 

Finally, the national activation pattern is compared to the 

local heating demand to find the minimum number of 

dwellings to be connected to the hybrid heating system. 

Model of the heating demand  

To evaluate the possible contribution of space-heating to 

decarbonization through the control of a state-wide pool 

of hybrid heating systems, the GHG emissions due to the 

heating of 100 000 additional dwellings with electric heat 

pumps or gas boiler have then to be estimated. A 

consequential analysis will be performed to estimate the 

marginal electricity mix, which is evaluated as the 

difference between the electricity mix with and without a 

given amount the additional electricity consumption. This 

requires to compute the heating demand for the state-wide 

pool and to model the electrical system for estimating the 

GHG emission.  

The control strategy of the hybrid heating systems is then 

defined according to the marginal GHG emission. It is 

considered that the gas boiler is activated when the 

emissions due to the usage of the gas boiler are lower than 

the emissions due to the electric heat pump. The model 

developed should also allow the evaluation of both a state-

wide (i.e. 100 000 dwellings) and a local control (i.e. a 

few dwellings) to observe the effect of aggregation. 

Heating demand of 100 000 dwellings 

As hybrid heating systems is a relatively new technology, 

it is assumed that the hybrid heat pumps are installed in 

various newly-built appartement blocks spread out over 

the country. The insulation of the buildings corresponds 

then to the current French building regulation (RT2012). 

The calculation of the heating demand and of the power 

system is performed for the same year (2018). 

In order to determine the ideal activation time of the gas 

boilers of a state-wide pool of 100 000 dwellings, the 

aggregated heating demand of the dwellings is built-up on 

the basis of a bottom-up model. To simulate 100 000 new 

dwellings, we use a district approach with a district 

archetype that is simulated in four climatic zones 

representative of the French climates. The district 

archetype (Figure 1) has been developed and validated in 

another publication (Le Dréau, Vellei, and Martinez 

2020). It is composed of 337 dwellings, which was proved 

to be sufficient to get enough diversity in heating patterns. 

To extrapolate to 100 000 dwellings, different weightings 

(Table 1) are given to each climatic zone according to the 

total area of collective housing of the zone. 

 

Figure 1: View of the district model 

Table 1: Weighting of the different climatic zones 

Climatic 

Zone 

East / 

North-

East 

North-

West 

 

West South 

Represen

tative city 

Nancy Rennes La 

Rochelle 

Nice 

Weightin

g 

0,66 0,10 0,08 0,16 

Average 

heating 

need 

54 kWh/

m².year 

42 kWh/

m².year 

33 kWh/

m².year 

22 kWh/

m².year 

The residential district is based on the geometry of a new 

district located in La Rochelle and composed of 

337 dwellings in 97 buildings. Families with or without 

children are living in these dwellings, characterized by a 

mean floor area of 65 m². The behavior of occupants 

(activities and energy usage) is modelled stochastically 

based on Time-Use Survey data. Occupants interfere with 

the heating system by defining both the default set-point 

(mean value of 21±2.5°C) and the usage of the setback 

(activated by 60%  of the dwellings). 

Urban energy model 

Dimosim, DIstrict MOdeller and SIMulator (Riederer et 

al. 2015) is a modular Python-based simulation 

environment used to evaluate the heating demand (Le 

Dréau, Vellei, and Martinez 2020). Each dwelling is 

modelled by one thermal zone with thermal properties 

based on random draws from distributions representative 

of the actual building regulation. Each opaque wall is 

discretized in four different layers, leading to more than 

20 capacities per dwelling in the thermal model. Shading 

between buildings is evaluated according to the geometry 

and to the time of the year. The number of occupants per 

dwelling is set according to the dwelling floor area and 

the French census data (INSEE 2010) Occupants’ 

activities are then simulated for each type (workers, 
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unemployed, retired, student) based on Time Use Survey 

(INSEE, 2010). If the setback is activated, a default daily 

occupancy pattern is calculated based on the activities of 

occupants (active at home, sleeping, or away from home). 

The output of the district model is the heating demand for 

each dwelling on a 30-minutes time-step. The electricity 

consumption of the air-to-water heat pump is deduced by 

dividing this heating demand by the coefficient of 

performance (COP) of the heat pump, which also depends 

on the outside temperature. The COP of the whole heating 

installation is calculated with the RT2012 method 

considering a constant downstream temperature (32.5°C) 

and reference COP of 3.0 for an outside temperature of 

7°C (CSTB 2011). The electricity losses during transport 

and distribution of electricity are estimated at 2.16% 

(RTE 2018) and at 6.02% (Enedis 2019). 

Alternatives to the case study 

The activation time and pattern of the gas boilers at the 

national scale could be highly related to the typology of 

the dwellings selected or to the heat-pump characteristics. 

A parametric analysis on the activation of the gas boiler 

could help to better identify the possible contribution of 

the hybrid heating systems to decarbonization. The 

following variations of the previous base case are 

considered: 

• Variation of the heating demand: the number of 

dwellings equiped with a hybrid system is increased 

from 10 000 up to 1 000 000; . 

• Restriction on a climatic region: the 100 000 

dwellings are considered  in a unique climatic zone; 

• Degradation of the thermal properties of the building: 

the district models are simulated with thermal 

properties corresponding to an older building 

regulation (period 1982-1989, including small 

renovation works).  

Model of the French electrical system 

Electrical system general organization 

The electricity needed for heating, is, as for any uses, 

covered by two types of generation units:  

• “Non-dispatchable” generation units that are not 

driven by the electricity demand. This is the case for 

solar, wind and run-of-river power plants, whose 

electricity generation level can only be adjusted 

downward, and this is avoided most of the time. In 

addition, French combined heat and power and 

biomass units are controlled according to the heating 

demand instead of the electricity consumption and 

thus considered as non-dispatchable.  

• "Dispatchable" units that are used in order to ensure 

the demand/supply balance. They provide electricity 

for the “residual consumption” that is the total 

consumption, from which is subtracted the non-

dispatchable electricity production.  

The optimization of the electricity generation is 

performed by: 

• the scheduling of the generation units: deciding the 

generation units that will be activated for the coming 

days; 

• the electricity generation dispatch: deciding the 

variation in the production level of every unit during 

the day. 

The electricity generation is planned mainly in order to 

minimize the production costs: the production units with 

the lowest variable production costs are activated first and 

are the base production units. The units with the highest 

variable costs are the last to be activated and are peak 

units. This constitutes an economic merit order. However, 

this simplified representation can be adapted to technical 

constraints of these different powerplants. Additionally, 

some "base" powerplants can partially be used for load-

following. 

The operation of the hydroelectric powerplants is more 

complex: these plants are highly reactive and have low 

variable cost but their water reserves are limited. The 

usage of these powerplants should thus be optimized as a 

function of the electricity consumption and the expected 

level of water reservoirs during the year.  

Choice of the methodology for the power system 

model 

The aim of the model we developed for the French 

electrical system is to estimate the response of the electric 

system to a limited variation of the electric demand (that 

does not require building new plants) during a few hours 

or a few days so that it reacts to space-heating demand 

variation. 

By analyzing historical data, some models (e.g. 

algorithms of artificial intelligence (Corradi 2020) or 

marginal emission factors (Péan, Salom, and Ortiz 2018)) 

calculate directly the emission factor of electricity. 

Analysis of historical data can also be used to model the 

electrical system. All these empirical models have good 

simulation performances but are only valid for parameters 

included in the range of the data used to train or calibrate 

the model. Consequently, they cannot be used for a 

prospective study and some lack physical constraints such 

as the limited reserves of water. 

The other models of electrical systems are based on a 

minimization of the costs combined with the demand 

constraint. These models are referred here as semi-

physical. Several methods are available for estimating the 

cost of the electricity generation depending of the fuel-

cost potentially in addition with other costs (e.g. start-up, 

ramping costs…).. Such models can be easily explained 

but needs usually a lot of information for the 

parametrization. Most of the semi-physical models such 

as (Roux, Schalbart, and Peuportier 2017) or ANTARES 

(RTE) are based on a cost function minimized using an 

optimization algorithm constrained by an equation 

representing the supply-demand balancing.  

An alternative is the merit-order (similar to priority-list) 

approach: the units or groups of units are started 

successively by increasing variable cost order (Zheng et 

al. 2015; E Delarue, Cattrysse, and D’Haeseleer 2013). 

Merit-order models have shorter computation times than 
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models based on an optimization algorithm. This, 

combined with the fact the model can be set up for 

forward-looking generation capacities is why this 

approach will be chosen. 

In this work, the chosen method is very similar to the 

enhanced priority list model in (Erik Delarue 2009). 

However, in the model developed in this article, the 

scheduling and dispatch of the powerplants will be 

explicitly modelled, allowing the reproduction of the 

system dynamics as well as possible with aggregated 

units. To achieve this, two merit-orders with different 

ranking of the powerplants will be used successively. The 

first merit-order represents the scheduling, the second one 

the dispatch of the power plants. As the parameters for the 

cost calculation are not available, the groups of 

powerplants will be ranked with two indicators calculated 

with historical data for 2018.  

The supply/demand balance of the system will be 

modelled taking into account the constrained economic 

merit order. Exchanges with the neighboring countries 

could be integrated as a powerplant in the model. 

However, the emission factor chosen for the exchanges 

should reflect the marginal power plants used in 

neighboring countries and at this stage, we did not 

compute this value. This is why the electricity exchanges 

are not included on this version of the model 

Maintaining a low simulation time requires some 

simplifications:  

• The model is expected to respect the balance between 

demand and supply but doesn’t consider the ancillary 

services; 

• The location of the power plants in the grid is not taken 

into account; 

• The model does not include the demand elasticity; 

Each powerplant is not modelled individually, but groups 

of generation units are created. Different aggregation 

strategies are defined, depending on their behaviour. 

There are five coal-fired power plants producing 

electricity in France in 2018. As these units have the 

highest GHG emission intensities, these plants have to be 

considered individually. This group is then divided into 5 

groups of 585 MW. As the OCGT are easily 

interchangeable with the coal-fired units depending on 

their variable cost, this technology is also divided in 10 

groups of 585 MW. Moreover, a part of the nuclear 

powerplants is controlled in load-following mode. This 

group is thus divided in two groups of 1000 MW each and 

a base group. 

Model structure 

The input of the model are: 

•  the French residual consumption (RC), coming from 

historical data (e.g. from the French TSO (RTE 

2020b)) or from user-defined time series.  

• The daily minimal and maximal produced 

hydroelectric power (deduced from the generated mix  

PTSO) (RTE 2020b),  

• The availability of the powerplants (Pavail) in the half-

hour resolution (Transparency Platform (ENTSOE 

2020)). The unavailability of the nuclear power plants 

is considered as known in the model although the 

planning of the nuclear unavailability is used to adapt 

the nuclear generation to the electricity consumption 

(Morilhat et al. 2019). A change in the electricity 

consumption could then change the planning of the 

unavailability.  

Despite the quality of the dataset used, we identified 

inconsistencies within the data. For example, the 

electricity generation is higher than the power plants 

availability during some hours of the year. The problem 

seems to come from the powerplants availability, which 

shows different values between the French and the 

European TSO. This point should be investigated in the 

future. In particular the definition of the availability for 

each dataset should be clearly established.  

As no data concerning the availability of the powerplants 

labeled “Fuel – Others” was found, this parameter is set 

to 460 MW. For a similar reason, the pumping capacity of 

the pumped storage hydroelectric units is set to 4291/5029 

= 85% of the available capacity for the electricity 

generation of these units (in 2015, the installed capacity 

for electricity generation was 5029 MW and for the 

pumping 4291 MW (RTE 2015)). 

The water reserves for hydroelectricity generation are 

limited during a year and are fully used. The total energy 

produced by the hydroelectric powerplants should then 

remain unchanged despite the additional electricity 

consumption due to the heat pumps. In this version of the 

model, it is considered that restricting the hydroelectric 

generation to the minimum and maximum observed 

production is sufficient to ensure the conservation of the 

generated energy. This assumption will be verified with 

the results of the model.  

The half-hourly electricity mix for France is the output of 

the model. 

In the developed model, each day d starts at 6am and each 

week on Monday. The time-step is set to 30 minutes. The 

electricity generation by each technology group is 

initialized at the first time step of the simulation using data 

from the French electricity TSO (RTE). In this article, the 

simulations were initialized with data of January the 1st at 

5:30 am. Figure 2 represents the developed model of the 

French electrical system. The model is based on three sub-

models: 

Week w 

The pumping power is integrated in the model as a 

generation unit whose generation power is always lower 

or equal to zero. Consequently, an increase in pumping 

corresponds to a decrease of the pumped power. The 

pumped storage hydroelectric units are optimized on a 

weekly basis depending on the residual consumption: 

water is mainly pumped when the current residual 

consumption is lower than the weekly average of the 

residual consumption. Consequently, the minimum value 
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for pumping is calculated for each time step as the 

maximum between the available pumping power and the 

residual consumption to which is subtracted the weekly 

mean of the residual consumption. 

Day d, scheduling: 

For each day, the hourly maximum generable power for 

each unit is fixed according to the residual consumtion 

and the availability of the power plants and following the 

first merit order. 

Hour h, dispatch: 

For each hour, the residual consumption is dispatched 

between the French powerplants according to the 

maximal generable power calculated during the 

scheduling and following the second merit order.  

Priority lists calibration 

In this article the merit-orders are calibrated before the 

simulation and the orders stay constants during the whole 

simulation. To build up the two merit-orders, the 

following data are needed: 

• the availability of the powerplants (Pavail) and  

• the generated mix (PTSO) 

in the half-hour resolution for at least a year. These data 

are used to calibrate the merit-order and should thus be 

historical data corresponding to an electricity mix similar 

to the one under evaluation. In this article, we used the 

year 2018 to calibrate the merit-order. 

As written beforehand, two priority lists are used and thus 

two priority indicators are developed and calibrated for 

France with data from RTE of 2018 (RTE 2020b). The 

first indicator (eq. 1) is related to the scheduling and 

quantifies the frequency of activation of the units of a 

group. The closer the indicator to 1, the more often the 

units are activated. The second indicator (eq. 2) is related 

to the dispatch and represents the reactivity of the units, 1 

corresponding to the base units and 0 to peak units. The 

index Dtech indicates the days when the generation unit is 

activated (meaning a generation power higher than 20 

MW). 

𝐼𝑛𝑑𝑖𝑐1(𝑡𝑒𝑐ℎ) =
1

365
∙ ∑

𝑚𝑎𝑥𝑡∈𝑑(𝑃
𝑇𝑆𝑂(𝑡𝑒𝑐ℎ,𝑡))

𝑚𝑎𝑥𝑡∈𝑑(𝑃𝑎𝑣𝑎𝑖𝑙(𝑡𝑒𝑐ℎ,𝑡))
𝑑𝜖2018   (1) 

𝐼𝑛𝑑𝑖𝑐2(𝑡𝑒𝑐ℎ) =
1

24∙𝑙𝑒𝑛(𝐷𝑡𝑒𝑐ℎ)
∑ ∫

𝑃𝑇𝑆𝑂(𝑡𝑒𝑐ℎ,𝑡)

𝑚𝑎𝑥𝑡∈𝑑(𝑃
𝑇𝑆𝑂(𝑡𝑒𝑐ℎ,𝑡))𝑡𝜖𝑑𝑑𝜖𝐷𝑡𝑒𝑐ℎ

  (2) 

Validation 

Validation of the heating demand 

The thermal model of the Dimosim tool has been 

compared to the results of the benchmark test BESTEST 

on free running cases and heating cases. The results are in 

accordance with other tools, both in terms of temperature 

and energy. The heating need is in accordance with the 

typical heating need of newly-built construction (Table 

1). 

Validation of the electrical system 

The Root Mean Square Error (RMSE) and the correlation 

coefficient (R) are calculated for the different 

technologies by comparing the data from the TSO and the 

simulation results for 2018 (Table 2). A correlation 

coefficient near 1 means that the dynamic of the 

technology is correctly modeled. The RMSE represents 

the gap between simulation results and TSO data.  

From Table 2, it can be observed that the first powerplants 

of the merit-order MO1 (that are then more often 

scheduled) have a better correlation coefficient, while the 

peak units suffer from the accumulated errors of the units 

better ranked in the merit-order. The error on the fossil 

power plants can also be partly explained by the price of 

fossil combustibles, which varies continuously with the 

market. In this model, the two merit-orders are set 

constant over the year.   

Table 2: Validation of the French electrical system 

model for 2018 

Power plants RMSE 

(MW) 

R 

Nuclear 869 0.99 

Hydroelectric 693 0.95 

Pumped 

storage 

610 0.89 

CCGT 813 0.90 

Coal 407 0.78 

Oil - others 127 0.78 

Oil turbines 121 0.49 

OCGT 66 0.16 

Figure 2: Schematic view of the model of the French 

electrical system 
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Oil turbines and OCGT units are peak units, meaning that 

they are only activated during a few hours in year in order 

to quickly supply for a short time power. These units are 

at the end of the two merit-orders and are infrequently 

activated in the model. These units have the highest GHG 

emission factors of the French power system. As these 

units are less activated in the model than in reality, other 

units with a lower GHG emission factor are activated 

during these time steps.  

Validation of the average GHG emissions 

In order to check the global behavior of the model and 

estimate the importance of the errors observed previously, 

the GHG emissions from the dispatchable power plants 

for the electricity generation in France in 2018 were 

calculated for the mix obtained with the model and 

compared with the GHG emissions obtained with the data 

from the TSO. Indeed, rough estimations on power plants 

with low emission factors or rarely activated can have a 

lower impact on the overall result than a more carbonated 

or highly used technology. The GHG emissions of a 

technology group for each time-step is obtained by 

multiplying the generated power at this time step with the 

contribution to GHG emission of the technology. The 

emission factors used for the calculation of the GHG 

emission of electricity are detailed in Table 3.  

The resulting time-series is shown Figure 4. The 

coefficient of correlation between the emissions 

calculated with the model and with the TSO data is 0,94. 

The magnitude of the emissions calculated with the model 

is similar to those calculated with the data and the 

dynamics are similar. 

 

Table 3: GHG emission factors (EF) chosen for the 

different power plants 

 
 N

u
cl

ea
r 

C
C

G
T

  

O
C

G
T

  

O
il

 

C
o

a
l 

EF 

(gCO2eq/ 

kWh) 

6 352 486 777 986 

Reference 
(ADEME 

2020) 
(RTE 2020a) 

Results 

Marginal electricity mix 

Figure 3 shows the marginal electricity mix 

corresponding to 100 000 additional heated dwellings in 

France between January 1 and April 1, 2018. These results 

are obtained by running our electricity production model 

on two cases, one with and one without the 100 000 

additional heated dwellings. The different colors show the 

technology, which would be activated to supply the 

additional electricity consumption (30-minute interval). 

78% of the marginality was attributed to fossil-fired 

power plants, including 51% for CCGT, 17% for coal-

fired power plants and 10 % for oil-fired power plants. 

Nuclear power plants, which provide 25% of the yearly 

marginality, were mainly marginal during low electricity 

consumption periods: in order to compensate for the 

increase in consumption, nuclear power plants decrease 

less when they are adjusting downward. Hydroelectric 

power plants are supplied with rainwater and runoff 

water, whose reserves are limited and used entirely. 

Consequently, the yearly share of the marginality of 

hydroelectric powerplants should be zero. However, the 

current model assigned -3% of the yearly marginality to 

hydroelectric powerplants as water reserve conservation 

is not encoded in the model, meaning that less electricity 

Figure 3: Marginal electrical mix related to the installation of 100 000 heat pumps in France at the beginning of the year 2018 

Figure 4: Comparison of the results obtained for the GHG emissions due to the total electricity generation 

obtained with the model (export excluded) and directly calculated with the TSO data. 
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is produced by hydroelectric powerplants with the 

additional consumption. With a model including the 

conservation of hydroelectric energy, this marginality 

should be distributed across the other dispatchable 

technologies. The above marginality corresponds to a 

volume of energy and is highly related to the fluctuation 

of the heating demand. The same evaluation for the same 

year but with another heating demand could lead to a 

different marginality but the activation pattern of the gas 

boiler should be similar (Biéron, Le Dréau, and Haas 

2020).  

Considering these preliminary results, the gas boiler 

would be activated 1207 hours (27%) of time during the 

heating season (4424 hours) with the chosen parameters. 

However, the controller of the hybrid heat pump should 

also consider the technical limitation of the hybrid system. 

Therefore, the duration of the activation of the gas boiler 

should be verified. Figure 5 shows the cumulative 

distribution function of the activations of the gas boiler. 

The abscise represents the duration of each activation and 

the y-axis the cumulated activation time of the gas boiler 

for equal or shorter activations. Considering that an 

activation below 2 hours would be critical (too short 

cycles for the heat pump), during 131 hours the gas boiler 

would probably not be activated although it emits less 

than the heat pump. 

 

Figure 5: Cumulative distribution function of the 

activation durations of the gas boiler 

Parametric analysis 

A parametric analysis was conducted to observe the 

influence of the total number of dwellings, the location of 

the dwellings and the thermal envelope on the activation 

time of the boiler. The results are summarized in Figure 

6. 

 

Figure 6: Parametric analysis of activation duration 

The variation of the number of aggregated heat pumps has 

a low impact on the activation of the boiler. The variation 

of the number of dwellings has a low impact on the 

activation duration of the boiler. Indeed, the volume of 

avoided GHG emission varies with this number but the 

activation pattern doesn’t. Control a state wide pool of 

hybrid heat pumps allows more activation of the gas 

boiler than with a pool restricted to one climatic zone, 

whatever the zone. Finally, the scenario with degraded 

thermal properties has the longest gas activation. 

Comparison of the activation pattern with a local 

heating demand 

Considering the aggregated scale, the heating demand is 

relatively easy to predict and the interruption of the 

heating demand is avoided through the coincidence of 

usages. The ideal activation pattern obtained with the 

study at the national scale should then be compared with 

the local heating demand considering different numbers 

of dwellings heated by a single hybrid heating system. 

Indeed, the heating demand of a single dwelling is highly 

related to both the dwelling characteristics and the 

behavior of the occupants. The gas boiler can be activated 

only if there is a heating need, which might reduce the 

activation time compared to an aggregated approach.  

Figure 7 presents the annual gas activation duration for 

different numbers of aggregated dwellings. This value has 

been evaluated with a threshold of 5% uncertainty, 

ensuring a reliability of the potential identified. The 

optimal number of dwellings to aggregate is highly 

sensitive to the climatic zone of the dwellings. For 

dwellings located in Nancy, Rennes or La Rochelle, 

around fifteen dwellings could be sufficient, whereas at 

least fifty dwellings should be heated with a single hybrid 

heat pump in Nice to take advantage of the full potential.  

 

Figure 7: Yearly activation of the gas boiler depending 

on the number of dwellings connected to a unique hybrid 

heating system 

Conclusion 

The heating demand for 100 000 newly constructed 

dwellings throughout France was estimated using a 

bottom-up model of one district archetype declined for 

four climatic zones representative of France. In order to 

evaluate the GHG emission corresponding to variation of 

the heating strategy, a model of the French electricity 

generation system was developed, based on two priority 

lists for the scheduling and the dispatch of the groups of 

generation units. The national electricity generation 

without interconnections of the neighboring countries is 

considered.  This model was calibrated and validated with 

data for the year 2018 and then used to estimate for half-

hourly intervals the technology producing electricity for 

the additional heating demand in 100 000 newly 
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constructed homes. From this estimation, the activation 

time of the boiler would be around 27% of the heating 

season, with a control of the hybrid heat pumps as a 

function of GHG emissions.  

The comparison of the GHG emission of the heat pump 

and the gas boiler was then used as a control signal 

distributed to the hybrid heating systems and tested for 

various configurations (from 1 up to 300 dwellings 

connected to a single hybrid heat pump in the four 

different climatic zones). The optimal number of 

dwellings to connect to a single hybrid heat pump is 

highly sensitive to the location of the dwellings. 

However, the current model is based on two strong 

hypothesis that need to be improved. The interconnection 

with neighboring countries is not taken into account 

despite its large impact on the flexibility of the French 

power system. Interconnections could be easily added in 

the model, however the emission factor chosen for the 

exchanges should reflect the marginal power plants used 

in neighboring countries. At this stage, we did not 

compute this value as this is not available in the literature 

as such for all neighboring countries. Further work should 

thus be performed on this topic. In addition, the current 

model doesn’t take into account the conservation of the 

annual hydroelectric energy and assume that the 

availability of powerplants, especially nuclear plants, are 

not impacted by the variation in electricity consumption. 

These hypotheses should be verified in further studies, in 

particular for prospective analysis. The current model is 

based on two merit-orders calibrated with historical data 

for 2018. However, these lists depend on the variable cost 

of powerplants, which continuously varies. This is why a 

dynamic ranking would be interesting, especially for 

“scheduling”.  

These results should also be consolidated by coupling the 

model of the electrical system with a more realistic model 

of hybrid heating system. The impact of the technical and 

economical constraints related to heat pumps and gas 

boilers should be investigated.  
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