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Abstract 7 

The decarbonization strategy implies a strong reduction of greenhouse gas emissions in Europe. 8 

The use of heat pumps as generation systems for space heating is increasing together with the 9 

increase of renewable energy sources and is also increasing the attention paid to dynamic 10 

simulations of heat pumps as well as greenhouse gas emissions. In the present study, a simplified 11 

model to determine the hourly emissions of carbon dioxide of a device connected to the Italian 12 

power grid is investigated, and an interpolating function for each year, as well as concerning 13 

average conditions, is introduced, as a valid tool for deciding the utilization strategies of a heat 14 

pump to reduce carbon dioxide emissions in the atmosphere, or, more in general, to evaluate the 15 

CO2 emissions when a common electric device is connected to the grid. The obtained results are 16 

applied to the special case of a residential heat pump displaying a particularly good agreement, 17 

with a maximum error of 1.8% for the heating season and 1.4% for the cooling one.  18 

 19 

Keywords: dynamic CO2 emissions; renewable energy sources; heat pumps; decarbonization. 20 

1. Introduction 21 

In the European Union (EU), buildings are responsible for about 40% of the overall energy 22 

demand and produce 36% of the greenhouse gas emissions [1, 2]. As stated in the Integrated 23 

National Energy and Climate Plan (2019), Italy agreed to the EU approach to promote a Green 24 

New Deal, committing to accelerate the decarbonization process reducing greenhouse gas 25 

emissions by 2030 of at least 55%, and to decarbonize the EU’s building stock by 2050 [3, 4].  26 

Space conditioning, heating and cooling play an important role in the whole energy demand in 27 

Europe. Heat pumps, as generation systems for space climatization, are becoming increasingly 28 

utilized in the European context [5]. The wide use of heat pumps, both air-source [6, 7] and 29 

geothermal [8, 9], for heating and cooling, in addition to the electrification of transport and other 30 

electric services, leads to the fastest growth of all the electricity sector. Moreover, electrification 31 

of the household sector is becoming an opportunity to replace part of the fossil fuel usage with 32 



renewable energy (RES), mainly photovoltaic panels. RES share in Europe (EU-27) is increasing 33 

from 14.4% in 2010 to 19.7% in 2019 [10]; moreover, during the Covid-19 pandemic, as reported 34 

in the IEA World energy outlook 2020 [11], the energy demand from renewable energy sources 35 

increased, while on the contrary the energy demand from other sources (coal, gas, nuclear, oil) 36 

decreased. Report [11] also shows a reduction by 6.6% in carbon dioxide emissions for the year 37 

2020, with respect to 2019. Since the use of heating and cooling systems powered by electricity 38 

is growing, an estimation on an hourly basis of CO2 emissions is important in order to enhance 39 

the operation of these systems when the grid is mainly powered by RES. In the last years, the use 40 

of detailed software to perform dynamic simulations of buildings played a very crucial role in 41 

choosing and optimizing the most appropriate typology of generation and emission systems.  In 42 

the recent literature, several studies deal with this topic [12-14]; other works evaluate the carbon 43 

dioxide emission factor for power generation by fossil and renewable energy sources [15-18]. As 44 

the authors are concerned, there is a lack of studies that calculate dynamically the CO2 emissions 45 

and introduce an explicitly interpolating function, when, for example, an electric heating system, 46 

such as a heat pump, is powered by the electric grid. Major part of the models found in the 47 

literature, used to determine hourly emission factors, are referred to the electricity produced in a 48 

single country, neglecting the electricity exchanges with other countries. Noussan et al. [15] 49 

determine the hourly emission factors considering the total energy produced in Italy, for 6 years 50 

(2012-2017). Marrasso et al. in [16] determine the hourly emission factors (for years 2016 and 51 

2017), considering the electric energy produced in Italy and neglecting the energy exchanges 52 

with foreign countries to which the Italian power grid is connected to. They also affirm that the 53 

use of constant value for energy and environmental indicators has a negative impact of the choice 54 

of electricity versus fossil fuel-based technologies. In [17], Neirotti et al. compare the emissions 55 

of residential and commercial heat pumps considering an annual average emission factor and an 56 

hourly emission factor, for different countries in Europe. The hourly emission factor is referred 57 

to the energy production of the single analyzed country, and the paper shows that the difference 58 

in terms of total emissions considering the hourly and the annual mean emission factor increases 59 

together with the share of renewables. Clauß et al. [18] propose a model for the estimation of 60 

carbon dioxide emission factor in Norway, determining different hourly emission factors for each 61 

of the 6 zones in which the Norwegian power grid is subdivided. The authors take into account 62 

the electric energy produced in every single zone, and the electricity exchanges with foreign 63 

countries. Results indicate that the emission factor varies significantly during the day. The 64 

authors stress the importance of emission reduction, and the use of predictive controls for 65 

building energy management. Hamels [19] focused on the importance of calculating CO2 66 



emission and primary energy factors to correctly evaluate all the electric-powered systems, 67 

mainly transport and heating services, connected to the grid. In the study is also mentioned the 68 

significance of contemplate imports from other countries. 69 

In the present study, a new method, based on the development of a periodic function, to determine 70 

the hourly carbon dioxide emission factors for a device connected to the Italian power grid is 71 

presented. The described method considers the electricity exchanges with foreign countries and 72 

calculates the CO2 emissions considering the electric energy demand, not only the one produced 73 

in Italy. In the study two models, one called “detailed model” and another called “simplified 74 

model” are presented and compared. In the detailed model the CO2 emission factors are 75 

calculated based on the raw collected data during the 4 years 2016-2019, whilst the simplified 76 

model defines an hourly averaged simplified function from the abovementioned data over the 77 

four years considered, that approximates the carbon dioxide emissions. The so-called “simplified 78 

model”, although it results less accurate than the “detailed model”, can be easily implemented in 79 

dynamic simulation software because it is expressed by a periodic function characterized by –80 

only- eight coefficients. The suggested function is particularly useful in all the energy evaluations 81 

for dynamically calculating the CO2 emissions when a common electric device is connected to 82 

the grid. Regarding building energy performance simulations, the suggested function is a valid 83 

tool for determining the carbon dioxide emissions in the atmosphere of a grid-connected electric 84 

heat pump; moreover, with the proposed tool, users can study different utilization strategies not 85 

only to reduce the energy consumption, but also the CO2 emissions.  86 

2. Materials and Methods 87 

To establish the carbon dioxide emission factor for the Italian power grid on hourly basis, we 88 

propose and compare two models as sketched in Figure 1(a), where EE stands for electric energy, 89 

in kWh. The models calculate the hourly carbon dioxide emission factor with reference to the 90 

energy taken from the power grid and considering not only the net production of the specific hour 91 

in Italy, but also the energy imported and exported every hour. The hourly emission factor EF 92 

(kg/kWh) is defined as the quantity of carbon dioxide produced mCO2 (kg) for every kWh of 93 

electrical energy obtained from the Italian power grid EE (kWh), i.e. 94 

𝐸𝐹 =
𝑚𝐶𝑂2

𝐸𝐸
  (1) 

 95 

 96 



(a)

 

(b) 

 

 97 

Figure 1. Scheme of the model for estimation of hourly emission factor and focus on imported and exported 98 

electricity (a); trends of electricity demand for Italy, internal production (subdivided into renewable (REN) and non-99 

renewable (NREN)), total import and export (b). The trends in figure 1(b) are related to the year 2020 and the hourly 100 



average for the four years from 2016 to 2019; the bold line shown here refers to a moving average throughout 200 h, 101 

while the fine lines refer to hourly values. 102 

All the electric power grids in Europe are interconnected; therefore, the electrical energy taken in 103 

a specific hour from a device connected to the power grid in one country, could be produced in 104 

other country in Europe. In this scenario, the electric energy produced in Italy for example, has a 105 

direct impact on emission of another country, which is always characterized by a different carbon 106 

emission factor due to the different power production mix of the electric energy respect to Italian 107 

electricity production mix. The models evaluate the quantity of hourly energy imported and 108 

exported by Italy versus other European countries to which the power grid has physical 109 

connections, as shown in Figure 1(a). 110 

2.1. Energy production and emission factors data 111 

The proposed models require two sets of data: 112 

• Electricity production in Italy and electricity exchanges with the other countries; 113 

• Carbon dioxide emission factors for Italy (categorized by different sources) and annual 114 

emission factors for the other Countries that have energy exchanges with Italy. 115 

Energy production and exchanges data are obtained from the Italian Transmission System 116 

Operator Terna. In detail, hourly data of the energy production for 5 years, from 2016 to 2020, are 117 

collected [20] and categorized in geothermal, hydroelectric, photovoltaic, biomass, wind source, 118 

thermal (non-renewable) and self-consumption. Data related to hourly energy exchange with 119 

foreign countries are also collected from the same online platform and for the same four years 120 

(2016-2020): in this case, for every hour the amount of energy imported or exported for the 121 

Countries shown in Figure 1(a) (Austria, France, Switzerland, Greece, Slovenia, Malta and 122 

Montenegro) are downloaded.  Data related to the electricity exchange with Montenegro are not 123 

taken into account, mainly because the exchange of electricity between Montenegro and Italy 124 

started, as shown in Terna platform, only from 27 December 2019. According to the authors’ 125 

opinion, the overall quality of data is good for each considered year.  126 

In Figure 1(b) the data of renewable production, non-renewable production, import, export and 127 

demand of electric energy related to Italian power grid are presented, downloaded from [20], from 128 

years 2016 to 2020. Focusing on renewable production on yearly basis, for all the five years 129 

considered, the maximum production occurs during summer, in June and July, while a minimum 130 

of the production arises in autumn and winter months. With reference to non-renewable, the 131 

minimum values of production can be observed in April and May. Reductions in imported 132 



electricity can be noticed during August, thus associated to summer holidays and the consequent 133 

decrease in production of Italian factories. Notably, the import of electricity is larger than export 134 

for all the 5 years considered. Considering year 2020, which is the year of the outbreak of Covid-135 

19 pandemic (Figure 1(b)), we can observe that during the months characterized by lockdown 136 

and/or reduction of factories activities (namely part of March, April, May and first two weeks of 137 

June), there was a slight decrease of electricity demand respect to other four years. During the 138 

same period, there was no difference in energy production from renewable and non-renewable 139 

sources can be observed. Thus, the major difference in comparison with the previous four years is 140 

related to the electricity imported and exported from the country: during 2020 lockdown and 141 

restrictions in Italy there was an increase in export to foreign countries and an important decrease 142 

in electric energy imported from foreign countries, as illustrated by data from Terna platform [20] 143 

(export +49.2%, import -27.4% and electricity demand +0.4%, for year 2020 respect to annual 144 

average of years 2016-2019). 145 

Considering the electric energy production from different renewable sources [20], the largest share 146 

comes from hydropower and photovoltaic, while the electricity from geothermal source is 147 

minimal. Moreover, the maximum production from photovoltaic is for both 2016 and 2019 in June 148 

and July, that are months characterized by the highest solar irradiance and sunshine duration. If 149 

we consider hydropower production, the maximum production occurs in June, on the contrary, 150 

energy production from biofuels and from geothermal source is relatively constant during all the 151 

year. Finally, data collected from [20] show that electricity production from wind is the most 152 

variable source among all renewable sources considered; wind production also displays minimum 153 

values during summer months. 154 

Now, if we focus on renewable production considering small time frames (Figure 2) we can 155 

observe that hydropower (and partly biofuels) generation have a trend like the common daily trend 156 

of electric energy demand in Italy, with two peaks of demand, the first one during morning and 157 

the latter one on evening. This aspect is due to the programmability of the two sources 158 

aforementioned, in particular for hydropower generation this is possible by means of pumped 159 

storages that allow to produce electricity in correspondence of the two daily peaks of electric 160 

energy demand. Conversely, the other two sources reported in Figure 2, wind and photovoltaic, 161 

are non-programmable: wind source shows a very irregular trend, while photovoltaic displays a 162 

regular daily trend, with maximum generation at midday. A further aspect that can be noticed is 163 

the frequency of the generation from photovoltaic, biofuels and hydropower: they have a 164 

periodicity of 24 hours. 165 



 166 

Figure 2. Focus on the trend of renewable production for different days of the year. 167 

The annual emission factors for non-renewable production for Italy considered in this paper are 168 

taken from the ISPRA (Italian Institute for Environmental Protection and Research) annual report 169 

[21] for 4 years (2016-2019), together with the annual emission factors for foreign Countries 170 

connected to Italian power grid, taken from annual AIB (Association of Issuing Bodies) report 171 

[22]. No information is available regarding the source of electricity imported (namely 172 

categorization on renewable, non-renewable…), and, therefore, a yearly mean emission factor 173 

given by [22] has been used for electricity imported from other Countries. However, the decision 174 

to consider in the model the electricity imported for the determination of carbon dioxide intensities, 175 

even if has been considered an annual constant emission factor value for the imported electricity, 176 

is due to the consideration that an important part of electric energy consumed in Italy comes from 177 



other Countries.  It can also be noticed that the majority of the works about this topic in literature, 178 

as reported by Hamels [19], don’t take into account the “net foreign exchange”, resulting in a 179 

overestimation (or underestimation) of the carbon dioxide intensities, especially for countries 180 

characterized by an important part of electricity imported. The emission factors for renewable 181 

sources are taken from [23] (values expressed in kg/kWh are respectively 0.230 for bio-energies, 182 

0.038 for geothermal, 0.024 for hydroelectric, 0.045 for photovoltaic and 0.011 for wind 183 

production). Unfortunately, the values of the emission factor related to year 2020 are not yet 184 

available for Italian non-renewable production, according to ISPRA, therefore the analysis in the 185 

present paper will focus only on years from 2016 to 2019. 186 

2.2 Model to determine the hourly emission factor 187 

As explained in section 2, the detailed model considers the carbon dioxide emission factors for a 188 

device connected to the Italian power grid, referred to the electric energy taken from power grid. 189 

To determine the hourly emission factor EFh (kg/kWh), the following quantities are introduced. 190 

First, let us define the mass of carbon dioxide hourly produced by non-renewable electricity 191 

production in Italy mnren,h (kg), from renewable electricity production in Italy mren,h (kg) and from 192 

electricity imported from abroad mimp,h (kg): 193 

𝑚𝑛𝑟𝑒𝑛,ℎ = 𝐸𝐸𝑛𝑟𝑒𝑛,ℎ ⋅ 𝐸𝐹𝑛𝑟𝑒𝑛 (2) 

𝑚𝑟𝑒𝑛,ℎ = ∑ 𝐸𝐸𝑟𝑒𝑛,𝑗,ℎ ⋅ 𝐸𝐹𝑗

𝑗

 (3) 

𝑚𝑖𝑚𝑝,ℎ = ∑ 𝐸𝐸𝑖𝑚𝑝,𝑘,ℎ ⋅ 𝐸𝐹𝑘

𝑘

 (4) 

The hourly carbon dioxide production due to internal electricity generation in Italy is the sum of 194 

hourly renewable and non-renewable and import from foreign Countries, and is expressed by 195 

mint+imp,h (kg): 196 

𝑚𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ = 𝑚𝑖𝑚𝑝,ℎ + 𝑚𝑟𝑒𝑛,ℎ + 𝑚𝑛𝑟𝑒𝑛,ℎ, (5) 

The sum of hourly electric energy production in Italy and hourly import from abroad, namely 197 

EEint+imp,h (kWh), can be expressed as 198 

𝐸𝐸𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ = ∑ 𝐸𝐸𝑖𝑚𝑝,𝑘,ℎ

𝑘

+ ∑ 𝐸𝐸𝑟𝑒𝑛,𝑗,ℎ

𝑗

+ 𝐸𝐸𝑛𝑟𝑒𝑛,ℎ (6) 



Where 𝐸𝐸𝑖𝑚𝑝,𝑘,ℎ (kWh) refers to the hourly electricity imported for the k-th country (reported in 199 

Figure 1). On account of eqs. (5-6), the hourly mass of carbon dioxide mexp,h (kg) related to hourly 200 

electricity exported EEexp,h (kWh), can also be expressed as 201 

𝑚𝑒𝑥𝑝,ℎ = 𝑚𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ ⋅
𝐸𝐸𝑒𝑥𝑝,ℎ

𝐸𝐸𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ
 (7) 

Other useful quantities to determine the expression of the hourly emission factor are the hourly 202 

total mass of carbon dioxide emission mtot,h (kg), given by the sum of CO2 coming from internal 203 

production in Italy and import and subtracting the hourly CO2 related to electricity exported in 204 

other Countries, 205 

𝑚𝑡𝑜𝑡,ℎ = 𝑚𝑛𝑟𝑒𝑛,ℎ + 𝑚𝑟𝑒𝑛,ℎ + 𝑚𝑖𝑚𝑝,ℎ − 𝑚𝑒𝑥𝑝,ℎ, (8) 

and the hourly electricity demand for Italy EEtot,h (kWh), 206 

𝐸𝐸𝑡𝑜𝑡,ℎ = 𝐸𝐸𝑛𝑟𝑒𝑛,ℎ + 𝐸𝐸𝑟𝑒𝑛,ℎ + 𝐸𝐸𝑖𝑚𝑝,ℎ − 𝐸𝐸𝑒𝑥𝑝,ℎ. (9) 

It may be observed that the mass of carbon dioxide related to electric energy exported to other 207 

Countries is subtracted (as the electric energy exported to other Countries) because the model has 208 

the aim to determine an hourly emission factor related to electric energy taken from a disposal 209 

connected to the Italian power grid, and not to the total electricity that flows every hour on the 210 

Italian power grid but is consumed in other Countries. 211 

Let us now introduce the coefficient of grid losses for Italian power grid p (for years 2016-2019, 212 

[24]), in order to determine the final expression of hourly emission factor EFh, 213 

𝐸𝐹ℎ =
𝑚𝑡𝑜𝑡,ℎ

𝐸𝐸𝑡𝑜𝑡,ℎ
𝑝, (10) 

or, equivalently, 214 

𝐸𝐹ℎ = 

𝐸𝐸𝑛𝑟𝑒𝑛,ℎ ⋅ 𝐸𝐹𝑛𝑟𝑒𝑛 + ∑ 𝐸𝐸𝑟𝑒𝑛,𝑗,ℎ ⋅ 𝐸𝐹𝑗𝑗 + ∑ 𝐸𝐸𝑖𝑚𝑝,𝑘,ℎ ⋅ 𝐸𝐹𝑘𝑘 − 𝑚𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ ⋅
𝐸𝐸𝑒𝑥𝑝,ℎ

𝐸𝐸𝑖𝑛𝑡+𝑖𝑚𝑝,ℎ

∑ 𝐸𝐸𝑖𝑚𝑝,𝑘,ℎ𝑘 + ∑ 𝐸𝐸𝑟𝑒𝑛,𝑗,ℎ𝑗 + 𝐸𝐸𝑛𝑟𝑒𝑛,ℎ − 𝐸𝐸𝑒𝑥𝑝,ℎ
𝑝. 

(11) 

The use of coefficient p allows one to refer the emission factor to the electricity taken from a 215 

device connected to the Italian power grid instead of to the total hourly electric energy provided 216 

by the grid. 217 

The “detailed” model presented in this section is employed to determine the emission factors EFh 218 

for 4 years (2016-2019), considering the data specified in section 2.1. The hourly emission factor 219 



obtained varies periodically and its value is smaller during months characterized by a large share 220 

of renewable.  221 

2.2. Approximation of the model by means of a periodic function 222 

A time-dependent function was defined to express the hourly emission factor previously given; 223 

the detailed model in fact provides the values of EFh for all the hours of the year considered, but 224 

an approximated periodic function (“simplified model”) defined by some coefficients facilitates 225 

the analysis and the use of the hourly emissions of a device connected to the electric grid and 226 

allows one to introduce predictable behaviors. 227 

As mentioned before, the hourly emission factor varies during the year and has also periodic 228 

fluctuations characterized by a period of 24 hours. A function that approximates EFh trend is a 229 

sine envelope function, defined as: 230 

𝑒𝑓(𝑡) = 𝑓(𝑡)Ω(𝑡) + (1 − Ω(𝑡))𝑔(𝑡) (12) 

where ef(t) is the approximated hourly time-dependent emission factor, f(t) and g(t) are two 231 

polynomial functions and Ω(t) is a periodic function. The expressions of functions f(t), g(t) and 232 

h(t) are given by 233 

Ω(𝑡) = sin2(𝜔𝑡 + 𝛿) (13) 

𝑓(𝑡) = 𝑎1𝑡2 + 𝑏1𝑡 + 𝑐1 (14) 

𝑔(𝑡) = 𝑎2𝑡2 + 𝑏2𝑡 + 𝑐2, (15) 

where ω, δ, a1, b1, c1, a2, b2, c2 are coefficients determined in order to minimize the error of the 234 

approximated formula respect to the EFh value given by the model. 235 

The sinusoidal function (12) has been chosen in order to obtain a periodic function with a period 236 

of 24 hours, since in general the periodicity of the emission factor is 24 hours, according to the 237 

"detailed" model; the emission factor trend well reproduces the daily electricity production curve 238 

in Italy. The two functions f (t) and g (t) are the approximate maximum and minimum value that 239 

the emission factor can reach, in fact they are precisely the ones that determine the amplitude of 240 

the final function that gives rise to the "simplified" model.  241 

The values of the coefficients are reported in Table 1 for the considered years. The coefficients 242 

for a function given by the mean values of the hourly EFh, for the years 2016-2019 are determined 243 

and reported in Table 1 as well.  244 

 245 



Table 1. Coefficients for the approximated periodic function. 246 

Coefficient 2016 2017 2018 2019 Average 

a1 3.83E-09 3.36E-09 1.75E-09 4.01E-10 2.08E-09 

b1 -2.4E-05 -2.7E-05 -1.1E-05 -6.3E-06 -1.5E-05 

c1 0.38544 0.39784 0.34238 0.34044 0.35575 

a2 5.35E-09 5E-09 2.18E-09 1.55E-09 3.85E-09 

b2 -3.9E-05 -4.3E-05 -1.7E-05 -1.5E-05 -3.1E-05 

c2 0.32248 0.33941 0.2985 0.27489 0.3175 

ω 0.1309 0.1309 0.1309 0.1309 0.1309 

δ 1.51 1.53 1.5 1.52 1.51 

 247 

In the present study the reported coefficients are determined with reference to the Italian power 248 

grid; however, whenever data are available the method could be applied to any other Country. 249 

Despite the limited of amount of data available, Table 1 shows a temporal trend for the 250 

coefficients reported, excluding year 2017. For example, we can observe a decrease of 251 

coefficients a1, a2, c1 and c2, and an increase of b1 and b2 over the years. We underline that the 252 

decrease of the coefficients c1 and c2, evident if year 2017 is neglected, means that average annual 253 

emissions are reducing respect to time. 254 

In Figure 3 the EFh values of the detailed model and of the simplified model are compared. The 255 

figure refers only to year 2019. Moreover, in Figure 4 the hourly emission factor from the two 256 

models is reported, for years 2016-2019, for some specific (working) days, allowing a more 257 

evident comparison between real data and the interpolating function. The mean absolute error 258 

(MAE, eq. 16) and the root mean squared error (RMSE, eq. 17) ranges in 0.029-0.031 and 0.035-259 

0.038 respectively, for the four years, referring to the simplified model with respect to the detailed 260 

model: 261 

𝑀𝐴𝐸 =
∑ |𝐸𝐹ℎ − 𝑒𝑓ℎ|8760

ℎ=1

8760
 (16) 

𝑅𝑀𝑆𝐸 = √∑ (𝐸𝐹ℎ − 𝑒𝑓ℎ)8760
ℎ=1

2

8760
 (17) 

  262 



 263 

Figure 3. Hourly emission factor from the detailed model and from the simplified model for year 2019. 264 



 265 

Figure 4. Hourly emission factor from the detailed model (black dotted line) and from the simplified model (red 266 

line) for some working days (years 2016-2019). 267 

 268 

3. The case study 269 

In this section the authors analyze the results, in terms of carbon dioxide emissions, of a case 270 

study in which an air-to-water heat pump connected to Italian power grid is employed as a 271 

generation system, for a residential building placed in Milan. The building under investigation is 272 

the one proposed by IEA [25], in particular the two-floor family house characterized by a space 273 

heating demand of 45 kWh/(m2y). 274 



The total floor area of the building considered in the simulations is 360 m2 and the main building 275 

envelope components (floor, roof, internal and external walls) are characterized by a 276 

transmittance ranging between 0.241 W/m2K and 0.885 W/m2K. 277 

An air change rate due to infiltration of 0.3 h−1 for all the thermal zones is assumed, and all 278 

windows are double pane characterized by a 4-16-4 mm construction, filled with Argon gas. The 279 

frame is 15% of the total area of the window (total area of the glass and frame), and the overall 280 

transmittance of the window can be estimated as U-window = 1.5 W/m2K. Thermal gains due to 281 

inhabitants and to electric equipment are considered variable during the day, as proposed in [26]. 282 

More in detail, the thermal gain caused by a single inhabitant is divided in two parts: 20 W due 283 

to convection, and 40 W due to radiation [25]; the thermal gains due to electrical equipment are 284 

attributed half to convection and half to radiation as well.  For any parameter here not explicitly 285 

mentioned for sake of brevity, the value proposed by IEA Task 44 [25] for SFH45 are employed. 286 

In the present paper, the software package TRNSYS is used to model the building, and in 287 

particular, the multizone building TRNSYS type 56 [27, 28]. 288 

4. Results and discussion 289 

In Figure 5 the electric energy demand for heating and cooling season is reported. The total 290 

energy demand of the reversible air-to-water heat pump is 5079 kWh for heating season and 291 

4150 kWh for cooling season. [26]. 292 



 293 

Figure 5. Monthly electricity demand (kWh) by the residential heat pump during heating and cooling season (top 294 

figure), and hourly heating and cooling demand for two representative days of the heating and cooling season 295 

respectively (bottom left and right). 296 

4.1. Total carbon dioxide emissions and carbon dioxide emission factors 297 

The total emissions for heating and cooling are reported in Table 2, considering the detailed 298 

model previously introduced, and using the approximated periodic function (simplified model). 299 

Results refer to the years 2016-2019 and report an averaged value as well (denoted by subscript 300 

m), both of the hourly emission factor EFh,m on the four years considered, defined as 301 

𝐸𝐹ℎ,𝑚 = ∑ 𝐸𝐹ℎ,𝑛

𝑛

, (18) 

where n denotes the n-th year (2016-2019), and also of the approximated mean function efm(t), 302 

determined according to the procedure reported in section 2.3, and expressed by the coefficients 303 

reported in Table 1, column “Average”. 304 

Seasonal carbon dioxide emissions 𝑚𝑛̇  (kg) in Table 2 have been determined multiplying the 305 

hourly emission factor obtained from the detailed and simplified model by the hourly electricity 306 

demand 𝐸𝐸ℎ (kWh) of the heat pump, as shown in eqs. (19)-(20): 307 



𝑚̇𝑛,𝑑𝑒𝑡𝑎𝑖𝑙𝑒𝑑 = ∑ 𝐸𝐹ℎ,𝑛 ⋅ 𝐸𝐸ℎ 

ℎ

 (19) 

𝑚̇𝑛,𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑 = ∑ 𝑒𝑓𝑛(ℎ) ⋅ 𝐸𝐸ℎ 

ℎ

. (20) 

 308 

Table 2. Annual emissions (kg) and percent error (%) for heating and cooling, resulting from the model to estimate 309 

EFh (detailed model), from the approximated function (simplified model, considering the hourly mean averaged over 310 

4 years, 2016-2019) and a constant emission factor (yearly average of the EFh obtained by the detailed model). 311 

 

Year 
Detailed 

model 

Simplified 

model 

Constant 

emission 

factor 

Error (%) 

simplified 

model vs. 

detailed model 

Error (%) 

constant emission 

factor vs. detailed 

model 

Annual 

emissions (kg) 

for heating 

2016 1832 1842 1699 0.55 7.27 

2017 1780 1798 1639 0.98 7.94 

2018 1628 1643 1564 0.87 3.96 

2019 1487 1514 1454 1.81 2.21 

Averaged 1682 1689 1589 0.42 5.53 

Annual 

emissions (kg) 

for cooling 

2016 1232 1241 1388 0.73 12.71 

2017 1213 1196 1339 1.41 10.41 

2018 1222 1210 1278 0.94 4.58 

2019 1122 1116 1188 0.51 5.92 

Averaged 1197 1190 1298 0.58 8.46 

 312 

Table 2 shows that the approximated function gives results very similar to the results obtained by 313 

the detailed model, while the results coming from the use of a constant emission factor present 314 

higher differences respect to the one obtained by the detailed model. 315 

The detailed model gives the most accurate information on carbon dioxide emissions. Table 2 316 

shows that the evaluations coming from the approximated model, and even more from the 317 

assumption of a constant emission factor, underestimate the annual emissions for heating while 318 

overestimate the annual emissions for cooling. This is due both to the fact that any approximation 319 

mathematically cannot give the same precision of detailed data, and to the fact that in winter 320 

season the overall contribution of the renewable sources is smaller than in summer. Now if we 321 

consider the average hourly values of the detailed model, given by eq. (16), and the average 322 

approximated periodic function, given by eqs. (12-15), we can compare the results in terms of 323 

percent error: the use of the approximated mean function implies a small percentage error (0.42% 324 

for heating and 0.58% for cooling). Therefore, we can assert that average approximated periodic 325 

function can be used for estimating the emissions accurately, obtaining result comparable to those 326 

obtained by the detailed model on yearly basis. On the contrary, the last column of Table 2 shows 327 



that the constant emission factor induces a much less accurate estimation. In fact, in Table 2 the 328 

percent error of the simplified model respect to the detailed model is reported for heating and 329 

cooling season, as well. We can observe that the function well approximates the carbon dioxide 330 

emissions for the case under investigation, with a maximum error of 1.8% for heating season and 331 

1.4% for cooling. Therefore, it can be stated that yearly approximated functions well approximate 332 

the emissions given by the model. 333 

In addition, for a comparison, the hourly emission factors for years 2016-2019 may be determined 334 

by neglecting the electricity imported and exported from foreign Countries (i.e., considering only 335 

Italian production, therefore using the emission factors for renewable and non-renewable 336 

production in Italy). In Table 3 the values of the annual mean emission factor  𝐸𝐹𝑛,𝑖𝑛𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅ (kg/kWh) 337 

neglecting electricity exchanges with other Countries are reported for years 2016-2019 together 338 

with the percentage difference with respect to the annual mean emission factor 𝐸𝐹𝑛
̅̅ ̅̅ ̅ (kg/kWh) 339 

obtained by the detailed model. The table shows that neglecting the electric energy exchanges 340 

with other Countries allows one to overestimate the annual emissions.  341 

Table 3. Annual averaged emission factors (kg/kWh) and carbon dioxide annual emissions (kg) considering and 342 

neglecting electricity exchanges with other Countries, for heating and cooling season. 343 

Year Season 
Emissions 

(kg) 

Difference in 

emissions (%) 
𝑬𝑭̅̅ ̅̅

𝒏 
𝑬𝑭𝒏,𝒊𝒏𝒕
̅̅ ̅̅ ̅̅ ̅̅ ̅ (Only 

internal production) 

Difference in annual 

emission factor (%) 

2016 
Heating 2032 10.9 

0.334 0.366 8.6 
Cooling 1325 7.6 

2017 
Heating 1973 10.8 

0.323 0.360 10.3 
Cooling 1333 9.9 

2018 
Heating 1873 15 

0.308 0.346 11.1 
Cooling 1341 9.7 

2019 
Heating 1698 14.2 

0.286 0.324 11.7 
Cooling 1243 10.8 

 344 

Lastly, the annual emission of carbon dioxide of the reversible air-to-water heat pump is 345 

determined by considering i) only internal electricity production and ii) electricity exchanges with 346 

other Countries. Results are reported in Table 3. It can be observed that the percentage difference 347 

between the two models is in the range 7.6-15%, with higher differences during the heating than 348 

during the cooling season. 349 

 350 

 351 

5. Conclusions  352 



In this study a new method to determine a function describing the hourly emissions of carbon 353 

dioxide of a device connected to power grid is presented and two models are introduced. In the 354 

determination of the coefficients of the proposed models, attention is paid to Italian data. The 355 

proposed models also evaluate the emissions due to the electricity exchange with foreign countries 356 

to which Italian power grid is connected. The hourly emission factors for carbon dioxide are 357 

determined with reference to a four year period (2016-2019). 358 

An interpolating function for each year, as well as with reference to average conditions, is 359 

introduced, particularly useful in all the energy simulations for dynamically calculating the CO2 360 

emission when a common electric device is connected to the grid. The time-dependent function 361 

is a sine envelope function that contains three functions defined through coefficients. Based on 362 

the trends displayed by the 8 coefficients of the interpolating function, some behaviors are 363 

predicted. We underline that if year 2017 is neglected, the average annual emissions are reducing 364 

respect to time. The obtained results are applied to the special case of a residential heat pump 365 

installed in a building in Milan displaying a very good agreement, with a maximum error of 1.8% 366 

for heating season and 1.4% for cooling. Even lower values of the error are seen if the average 367 

approximating function is utilized. A comparison with the case of a constant emission factor is 368 

presented as well. Further investigations will suggest the evaluation of control strategies, in order 369 

to manage heat pumps utilization when the model suggest a GHG emissions reduction, mainly 370 

when the power grid requires less fossil fuels consumption. Moreover, when more years will be 371 

available the comparison may help evaluating if the actual transition to the renewable energies 372 

induces variations in the general trend of the coefficients. 373 

Funding: This research received no external funding. 374 

Conflicts of Interest: The authors declare no conflict of interest. 375 

References 376 

1.  European Commission. Renovation and decarbonisation of buildings 377 
https://ec.europa.eu/commission/presscorner/detail/en/IP_21_6683 (accessed on 4 February 2022). 378 
2. Maghrabie, H.M.;  Elsaid, K.; Sayed, E.T.; Abdelkareem, M.A.; Wilberforce, T.; Olabi, A.G. Building-379 
integrated photovoltaic/thermal (BIPVT) systems: Applications and challenges. Sustainable Energy Technologies and 380 
Assessments 2021, 45. https://doi.org/10.1016/j.seta.2021.101151. 381 
3. Stepping up Europe’s 2030 Climate Ambition Investing in a Climate-Neutral Future for the Benefit of Our 382 
People; European Commission: Brussels, Belgium, 2020. 383 
4. European Commission. Climate Action Paris Agreement. Available online: https://unfccc.int/process-and-384 
meetings/the-paris-agreement/the-paris-agreement (accessed on 4 February 2022). 385 
5. Dongellini, M.; Valdiserri, P.; Naldi, C.; Morini, G.L. The Role of Emitters, Heat Pump Size, and Building 386 
Massive Envelope Elements on the Seasonal Energy Performance of Heat Pump-Based Heating Systems. Energies 2020, 387 
13, 5098. https://doi.org/10.3390/en13195098 388 
6. Vivian J.; Prataviera E.; Cunsolo F.; Pau M., Demand Side Management of a pool of air source heat pumps for 389 
space heating and domestic hot water production in a residential district, Energy Conversion and Management, Volume 390 
225, 2020, https://doi.org/10.1016/j.enconman.2020.113457. 391 

https://ec.europa.eu/commission/presscorner/detail/en/IP_21_6683
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://doi.org/10.3390/en13195098
https://doi.org/10.1016/j.enconman.2020.113457


7. Abbasi, M.H.; Abdullah, B.; Ahmad,  M.W.; Rostami, A.; Cullen, J. Heat transition in the European building 392 
sector: Overview of the heat decarbonisation practices through heat pump technology, Sustainable Energy Technologies 393 
and Assessments 2021, 48. https://doi.org/10.1016/j.seta.2021.101630.  394 
8. Sarbu I.; Sebarchievici C., General review of ground-source heat pump systems for heating and cooling of 395 
buildings, Energy and Buildings, Volume 70, 2014, Pages 441-454, https://doi.org/10.1016/j.enbuild.2013.11.068  396 
9. Jahanbin, A.; Semprini, G.; Natale Impiombato, A.; Biserni, C.; Rossi di Schio, E. Effects of the Circuit 397 
Arrangement on the Thermal Performance of Double U-Tube Ground Heat Exchangers. Energies 2020, 13, 3275. 398 
https://doi.org/10.3390/en13123275 399 
10. Statistics, Eurostat. Available online: 400 
https://ec.europa.eu/eurostat/databrowser/view/nrg_ind_ren/default/line?lang=en (accessed on 21 December 2021). 401 
11. IEA World Energy Outlook 2020. Available online: https://iea.blob.core.windows.net/assets/a72d8abf-de08-402 
4385-8711-b8a062d6124a/WEO2020.pdf (accessed on 21 December 2021). 403 
12. Abdul-Zahra A.S.;, Al Jubori A.M., Potential evaluation and analysis of near-to-net zero energy building in hot 404 
and dry climate, Energy Conversion and Management, Volume 12, 2021, https://doi.org/10.1016/j.ecmx.2021.100146. 405 
13. Valdiserri P.; Biserni C., Energy performance of an existing office building in the northern part of Italy: 406 
Retrofitting actions and economic assessment, Sustainable Cities and Society, Volume 27, 2016, Pages 65-72, 407 
https://doi.org/10.1016/j.scs.2016.07.009. 408 
14. Ballerini, V.; Dongellini, M.; di Schio, E.R.; Valdiserri, P. Effect of real temperature data on the seasonal 409 
coefficient of performance of air source heat pumps. J. Phys.: Conf. Ser. 2022, 2177, 012025, doi:10.1088/1742-410 
6596/2177/1/012025. 411 
15. Noussan, M.; Roberto, R.; Nastasi, B. Performance Indicators of Electricity Generation at Country Level—The 412 
Case of Italy. Energies 2018, 11, 650, doi:10.3390/en11030650. 413 
16. Marrasso, E.; Roselli, C.; Sasso, M. Electric Efficiency Indicators and Carbon Dioxide Emission Factors for 414 
Power Generation by Fossil and Renewable Energy Sources on Hourly Basis. Energy Conversion and Management 415 
2019, 196, 1369–1384, doi:10.1016/j.enconman.2019.06.079. 416 
17. Neirotti, F.; Noussan, M.; Simonetti, M. Towards the Electrification of Buildings Heating - Real Heat Pumps 417 
Electricity Mixes Based on High Resolution Operational Profiles. Energy 2020, 195, 116974, 418 
doi:10.1016/j.energy.2020.116974. 419 
18. Clauß, J.; Stinner, S.; Solli, C.; Lindberg, K.; Madsen, H.; Georges, L. A Generic Methodology to Evaluate 420 
Hourly Average CO2eq. Intensities of the Electricity Mix to Deploy the Energy Flexibility Potential of Norwegian 421 
Buildings.; 10th International Conference on System Simulation in Buildings (Liege, December 2018). 422 
19. Hamels, S. CO2 Intensities and Primary Energy Factors in the Future European Electricity System. Energies 423 
2021, 14, 2165. doi.org/10.3390/en14082165 424 
20. Terna Transparency Report - Download Center. Available online: https://www.terna.it/it/sistema-425 
elettrico/transparency-report/download-center (accessed on 21 December 2021). 426 
21. Atmospheric emission factors of greenhouse gases from power sector in Italy and in the main European 427 
countries. Edition 2020 — English (isprambiente.gov.it) 428 
22. AIB (Association of Issuing Bodies). European Residual Mix Factors (various years). Available online: 429 
http://www.aib-net.org/facts/19uropean-residual-mix (accessed on 21 December 2021). 430 
23. IPCC (Intergovernmental Panel on Climate Change). 5th assessment report - synthesis. Available online: 431 
https://www.ipcc.ch/report/ar5/syr/ (accessed on 21 December 2021). 432 
24. TERNA. Statistical data on electricity in Italy. Available online: https://www.terna.it/it/ 433 
istemaelettrico/statistiche/pubblicazioni-statistiche (accessed on 21 December 2021). 434 
25. Dott, R.; Haller, M.; Ruschenburg, J.; Ochs, F.; Bony, J. IEA-SHC Task 44 Subtask C Technical Report: The 435 
Reference Framework for System Simulations of the IEA SHC Task 44/HPP Annex 38: Part B: Buildings and Space 436 
Heat Load. 2013. Available online: https://www.semanticscholar.org/paper/The-Reference-Framework-for-System-437 
Simulations-of-%2F-Dott-Haller/d3638ed65daa87f131266e19cd08aaed2eb43b46 (accessed on 28 July 2021). 438 
26. E. Rossi di Schio, V. Ballerini, M. Dongellini, P. Valdiserri, Defrosting of air-source heat pumps: Effect of real 439 
temperature data on seasonal energy performance for different locations in Italy, «APPLIED SCIENCES», 2021, 11, pp. 440 
1 – 15, doi:10.3390/app11178003. 441 
27. Klein, S.A.; Duffie, A.J.; Mitchell, J.C.; Kummer, J.P.; Thornton, J.W.; Bradley, D.E.; Arias, D.A.; Beckman, 442 
W.A.; Braun, J.E. TRNSYS 17: A Transient System Simulation Program; University of Wisconsin: Madison, WI, USA, 443 
2010. 444 
28. Klein, S.A.; Duffie, A.J.; Mitchell, J.C.; Kummer, J.P.; Thornton, J.W.; Bradley, D.E.; Arias, D.A.; Beckman, 445 
W.A.; Braun, J.E. TRNSYS 17—A TRaNsient System Simulation Program, User Manual. Multizone Building 446 
Modeling with Type 56 and TRNBuild. Version 17.1; University of Wisconsin: Madison, WI, USA, 2010. 447 

https://doi.org/10.1016/j.enbuild.2013.11.068
https://doi.org/10.3390/en13123275
https://ec.europa.eu/eurostat/databrowser/view/nrg_ind_ren/default/line?lang=en
https://iea.blob.core.windows.net/assets/a72d8abf-de08-4385-8711-b8a062d6124a/WEO2020.pdf
https://iea.blob.core.windows.net/assets/a72d8abf-de08-4385-8711-b8a062d6124a/WEO2020.pdf
https://doi.org/10.1016/j.ecmx.2021.100146
https://doi.org/10.1016/j.scs.2016.07.009
https://www.terna.it/it/sistema-elettrico/transparency-report/download-center
https://www.terna.it/it/sistema-elettrico/transparency-report/download-center
http://www.aib-net.org/facts/%20uropean-residual-mix
https://www.ipcc.ch/report/ar5/syr/
https://www.terna.it/it/%20istemaelettrico/statistiche/pubblicazioni-statistiche
https://www.terna.it/it/%20istemaelettrico/statistiche/pubblicazioni-statistiche
https://www.semanticscholar.org/paper/The-Reference-Framework-for-System-Simulations-of-%2F-Dott-Haller/d3638ed65daa87f131266e19cd08aaed2eb43b46
https://www.semanticscholar.org/paper/The-Reference-Framework-for-System-Simulations-of-%2F-Dott-Haller/d3638ed65daa87f131266e19cd08aaed2eb43b46

