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Introduction 
In Nordic countries like Finland, energy consumption of the residential sector is dominated by 

heating. Solar energy is getting more popular all over the world, but in the Nordic countries there is 

a significant seasonal mismatch of solar energy generation and energy demand, which reduces the 

potential benefits of solar energy. Solar generation in the winter months can be 20-30 times less 

than during summer, while energy demand is the highest in winter. Therefore, to really benefit from 

solar energy in such cold climates requires seasonal thermal storage of solar energy. Seasonal 

thermal energy storage systems have been built in, for example, Germany [1] and Canada [2]. High 

heat losses are one issue troubling seasonal thermal storage systems. Low temperature heating 

systems and heat pumps have been suggested as a solution to this problem [3]. 

Solar energy is a low emission energy source, but it will only provide net emission reduction if it 

replaces energy generation with a high emission factor. Emissions of electricity generation typically 

vary seasonally [4] or even hourly [5]. In Finland, the energy mix generally has lower emissions 

during summer than in winter. Thus, emission-free energy generation operating in summertime has 

a lower impact on emissions than similar generation during winter. This further increases the effect 

that seasonal mismatch of solar energy generation and heating demand has on annual emissions. 

This study examines the benefits of solar energy in a Finnish residential community, considering 

electric heating based on heat pumps. Hourly emission factors are utilized along with various solar 

integration and storage systems, to see what is the emission reduction potential of solar energy in a 

high latitude cold climate. 

Methods 
This is a simulation study performed using the TRNSYS dynamic energy system simulation tool. In 

this study, the emissions of a new Finnish community of 100 single-family homes were calculated 

under four different heating systems: 

1. A conventional heat pump system 

2. A heat pump system with solar panels 

3. A heat pump system with solar panels and short-term thermal energy storage 

4. A heat pump system with solar panels and seasonal thermal energy storage 
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Figure 1. Monthly solar energy potential and the heating energy demand of a low-energy house  in Helsinki. 

The main system of interest is System 4, which is based on the fully electrified solar community 

design presented in [6]. In the solar community, all 100 houses are connected to a local heating grid, 

which supplies the energy needed for domestic hot water (DHW) and space heating (SH). On the 

roof of all houses was a 5 kW solar photovoltaic (PV) system which supplies solar electricity. The 

annual space heating demand in the simulated low energy houses using measured weather data 

from Helsinki in 2015 was 34 kWh/m2. The DHW demand was 35 kWh/m2 and appliance electricity 

demand was 40 kWh/m2.  Figure 1 shows the monthly heating demand in the houses as well as the 

monthly solar energy potential. It is clear that solar energy potential is highest in the months of 

lowest heating demand while it reduces to minimal values during peak demand months. The annual 

solar insolation on a horizontal surface was 957 kWh/m2. On an annual level, a large PV system can 

produce as much energy as is needed throughout the year, but the problem is the seasonal 

mismatch of demand and generation. 

The solution to the seasonal mismatch is the use of seasonal thermal energy storage. Finland has a 

lot of underground rock (thermal conductivity 3.5 W/m/K, heat capacity 2200 kJ/m3/K), which makes 

borehole thermal energy storage (BTES) a useful technology. In a BTES system, excess solar energy 

during summer is transferred to the ground by circulating heated liquid through boreholes. The 

design of this solar community is shown in Figure 2. In this design, all the heating needs of the 

houses are met by two centralized hot water tanks. The warm tank supplies low temperature heat at 

30-40 °C to the space heating systems in the houses. The hot tank supplies high temperature heat at 

above 55 °C to the domestic hot water systems in the houses. The warm tank is also used to preheat 

the DHW before the use of the hot tank. 

 



 

Figure 2. Design of an electrified heating system based on PV panels, air-to-water and water-to-water heat pumps and 
seasonal borehole thermal energy storage. 

The warm tank is heated by an air-to-water heat pump (AW-HP) whenever the output from the PV 

panels exceeds the hourly electricity consumption of the household appliances and other 

equipment. Whenever the temperature in the warm tank rises above 50 °C, heat from the tank is 

circulated through the seasonal storage system, heating up the ground. If the temperature gets 

below 35 °C, the warm tank is heated either by reverse flow from the BTES or with the AW-HP. The 

hot tank is heated by a water-to-water heat pump (WW-HP), using the warm tank as a heat source. 

The boreholes are distributed evenly and connected in series, such that the flow travels radially 

through 6 boreholes before exiting the system. Table 1 shows the properties of the solar community 

in each system configuration. 

Table 1. Energy system sizing of the solar community. 

Parameter System 1 System 2 System 3 System 4 Unit 

PV capacity 0 500 500 500 kWel 
WW-HP capacity 120 120 120 120 kWth 
AW-HP capacity 960 960 960 960 kWth 
Warm tank volume 50 50 300 300 m3 
Hot tank volume 20 20 150 150 m3 
BTES volume - - - 30 000 m3 
BTES depth - - - 28 m 
BTES width - - - 37 m 

# of boreholes - - - 216 - 

Boreholes in series - - - 6 - 

 



Solar electricity was first used to power the household appliances and secondly to charge the 

thermal storage tanks. Whenever solar electricity was not enough to cover the loads in the houses, 

any remaining demand was covered by grid electricity. The hourly emission factors of the year 2015, 

provided by the Finnish Energy association [7], were used to calculate hourly CO2 emissions of the 

community. The monthly average emission factors are shown in Figure 3. The average annual 

emissions factor, weighted according to national electricity consumption, was 97.3 kg-CO2/MWh. 

This low value is explained by the fact that it only included domestic non-bio-based energy 

generation. Foreign imports of electricity were not counted and biomass emissions were assumed to 

be zero. 

In system 3 there was no seasonal energy storage, but excess PV power was still stored as heat in 

the daily storage (water tanks) whenever solar energy was available. In system 2 solar electricity was 

not guided towards heat pump utilization and was only used for heating if immediate need and 

generation happened to match. The reference case is system 1, which has no PV system at all and 

works like a conventional heat pump system. Only the emission reducing effect of self-consumed 

solar electricity was taken into account. Any excess exported to the grid was assumed to have no 

value.  

 

Figure 3. Monthly average emission factors of grid electricity. 

Results 
The TRNSYS simulations were performed for all four system types to find the hourly emissions 

produced by the community. For the seasonal storage case, the simulation was run for 4 years to let 

the ground temperatures stabilize and the results from the final year were used in the analysis. 

Figure 4 shows the monthly emissions for all the systems when the total electrical load was 

considered (heating + appliances). There was a noticeable difference between the conventional case 

without PV panels (System 1) and the cases with PV and short-term (daily level) thermal storage 

(Systems 2 and 3). The difference was the smallest during November, December and January, when 

there was little solar energy available. The benefits of seasonal storage were significant from 

December to May, when the emission gap between System 4 and Systems 2 and 3 is evident. The 

direct use solar energy use was beneficial during spring and summer, but utilizing seasonally stored 

heat reduced emissions even further in winter and spring. 



 

Figure 4. Monthly emissions in the three examined systems considering total electric load. 

During summer, the seasonal and daily storage cases show only minimal differences. In high 

latitudes, the sun shines for a long time during summer days, allowing a lot of electricity demand to 

be met by solar energy. However, as no electric storage was utilized, full matching was not possible.  

 

Figure 5. Monthly emissions in the three examined systems considering only electricity used for heating. 

Looking at the heating loads alone, the differences grew larger, as shown in Figure 5. For half of the 

year there were almost no emissions from heating when seasonal storage was utilized. During 

winter, there was almost no excess solar energy remaining after appliances to use for heating. Thus, 

with only short-term storage, there was very little solar heating available during peak use and 

emissions of heating were not reduced. With seasonal storage, most of the heating was covered. 



Figure 6 shows the fraction of emissions avoided by different solar energy configurations, compared 

to the non-solar heat pump system (System 1). In January, Systems 2 and 3, with only short-term 

storage, reduced emissions by 9% and 10%, respectively, while the system with seasonal storage had 

a reduction of 42%. In summer, the maximum reduction was 71% with System 4 and 59% and 67% 

with Systems 2 and 3, respectively. On the annual level, total emissions were reduced by 30%, 36% 

and 53% by Systems 2, 3 and 4, respectively. 

 

Figure 6. Relative reduction in emissions as compared to the conventional heat pump system, when all electricity 
consumption is considered. 

Since BTES is only used for heating, its advantage is better shown in Figure 7, which features the 

portion of emissions avoided when only electricity used for heating is considered. System 4 had an 

annual solar fraction of 94% for heating energy. Now the emission reductions in January were 4%, 

7% and 78% for Systems 2, 3 and 4, respectively. The BTES system covered 99% of heating emissions 

May, while Systems 2 and 3 only covered 32% and 57% of heating emissions. However, it is clear 

that even short-term storage can be very beneficial in the midseason months with both heating 

energy consumption and significant solar yields, as shown by the performance of System 3 in 

October, when it reduces emissions of heating by 75%. On the annual level, emissions of heating 

were reduced by 17%, 34% and 83%, respectively. 

The calculations were done using dynamic emissions factors, such that each hour had a different 

emission intensity. The importance of dynamic emission factors is highlighted in Table 2, which 

shows the annual emission values calculated with both the dynamic and annually averaged emission 

factors. Using constant emission factors underestimated the total emissions in the system by 10% to 

16%. The higher the solar utilization, the higher the underestimation. 

 



 

Figure 7. Relative reduction in emissions as compared to the conventional heat pump system, when only electricity 
consumption of heating is considered. 

Table 2. Annual emissions using dynamic and constant emission factors. 

 Heating emissions (kg-CO2/a)  

 

Dynamic 
emission factors 

Constant 
emission factors 

Difference (%) 

System 1 23 750 21 387 10.0 

System 2 20 328 17 866 12.1 

System 3 16 219 13 678 15.7 

System 4 4 473 3 767 15.8 

 

Conclusions 
Seasonal thermal storage greatly increases the benefit of solar energy in the Nordic climate by 

focusing more of the solar energy to times when both the emission factors and energy consumption 

are high. Seasonal thermal storage was found to reduce emissions of heating by 83%. Using annually 

averaged emission factors underestimates the emissions from the system, because energy 

generation with higher emissions is generally focused on the times when demand is also high. It also 

overestimates benefits of solar energy, because emission factors are more likely to be low during 

peak solar generation. 

Seasonal thermal energy storage should be widely utilized to store both solar energy and waste heat 

streams, such as those from data centers and waste incinerators. This would help achieve the 

emission targets of the European Union using an already existing technology. Buildings should be 

design for low temperature heat to better take advantage of such energy storage systems. 
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