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Abstract
Using solar energy to heat water is commonly used in the building industry and has
countless benefits. Obtaining usable energy from an endless source such as the sun lowers
the use of limited resources and provides a renewable energetic alternative.
Southern European countries have plenty of time during which the solar energy collection is
very high, which can be used as a source of domestic hot water, it can not be used as a
source of heating.
This study presents the option of storing heat energy, using storage systems, in order to be
used efficiently on demand, either through low temperature systems and/or high energetic
efficiency systems.
The aim of this study is to present the technical issues involved in generation, storage and
transformation of solar energy; analyzing spatial requirements and expected energy savings,
as well as studying the costs and expected savings considering the current prices in Spain.
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1. Introduction
The time lag between energy generation and consumption is the big problem that coexists
with most renewable energies.
Focusing on Spain for this case study, there are several areas according to the amount of
solar radiation received throughout the year. Ranging from 1500 hours of sunlight per year,
in the northwest of the peninsula, up to 2800 hours of sunlight per year in the southern part
of Spain. However, for the most part sunlight ranges from 2400 to 2600 hours per year.
As seen in Figure 1, taken from the National Institute of Meteorology, the majority of the
peninsula has high levels of solar radiation. Madrid, which will be used as reference city for
the present study, has geographical and climate date as presented in Figure 2.
Figure 1: Solar radiation in Spain

Figure 2: Climate data for Madrid

Figure 3 represents the evolution of radiation and degrees-day in base 15, which represent
the heating demands for a particular location, Madrid in this case. Evidently, both magnitudes
are not in-sync throughout the year. It is obvious that a system that somehow reduces or
eliminates the time lag between both variables would be a great way to work round the most
significant problems of solar energy. This is the objective of seasonal storage.

Figure 3: Radiation and energy demand for heating in Madrid

The system will include solar panels, with a given area and inclination, connected to a
seasonal storage tank from which our heating and hot domestic water will be fed.

2. Solar panel performance
An hourly simulation is performed which, working with global and horizontal diffuse radiation,
calculates the global radiation received by the inclined panels as the sum of reflected, diffuse
and direct radiations. The Liu-Jordan method is used for diffuse radiation and a 0,2 albelda
for reflected radiation.
Solar energy is therefore calculated as the product of global hourly radiation on the panel
and the panel’s performance, which depends on the temperature at the panel’s entrance,
ambient temperature, average radiation power and the particular properties of each panel.
In order to calculate the panel’s performance, the following method is used. Performance is
assumed to be a straight line that depends on temperature at the panel’s entrance, ambient
temperature and radiation power, according to the following formula:
Perf = no – a1 (Te - Ta)
G
Where (according to commercial data for VIESSMAN VITOSOL-100):
no = 0,826
a1 =4,249 W/m2 K
Te = Temperature at the panel’s entrance
Ta = Ambient temperature
G = Average received radiation power
The results of these calculations are present in the following two figures. Due to the
enormous amount of calculations, only the first (Figure 4) and last (Figure 5) spreadsheet
rows are shown.

Figure 4: Energetic performance calculations (start)

Figure 5: Energetic performance calculations (end)

4. Heat loss in the storage tank
For seasonal storage tanks, due to their large dimensions, it is extremely important to
consider correctly the heat loss through its outer boundaries.
For this case study, the tank is considered buried and in direct contact with the ground, which
is considered to be at a constant temperature of 10 ºC. The transmission coefficient of the
tank is 0,2 W/m2K. The inside temperature of the tank is variable, and an hourly simulation is
performed in order to be able to calculate correctly the hourly heat loss in the tank.

5. Case studies
The study features a 10.000 m2 building, for which different alternatives have been
considered, with different generation-storage scenarios. The following scenarios are
considered:
-

Conventional gas boiler system.

-

Conventional air-water heat pump system.

-

Seasonal storage system with direct energy transfer from the storage tank,
working alongside a water-water heat pump, evaporating to the tank’s water
circuit.

-

Seasonal storage system with direct energy transfer from the storage tank only
when exterior climate conditions do not enable the air-water heat pump working at
high performance ratios.

6. Convencional systems
The first two represent tradicional energy consumption. A 0,85 performance ratio is
considered for the boiler. The heat pump is considered to have the following COP’s,
according to different exterior temperatures:
-

For exterior temperatures lower than -5 ºC, COP0 = 1

-

For exterior temperatures of -5 ºC, COP1 = 1,3

-

For exterior temperatures of 15 ºC, COP 2 = 3,79

-

For exterior temperatures between -5 and 15 ºC, COP=0,125*(Text-Tea1)+ COP1

According to these parameters a seasonal COP of 2,75 is obtained, with an electrical
consumption maximum of 375 kW.

7. Seasonal storage system with direct energy transfer from the storage tank,
working alongside a water-water heat pump, evaporating to the tank’s water
circuit.
For this scenario, the energy generation through solar panels is designed to be enough to
meet the annual energy consumption.
Given the tank’s inside temperature, two different cases are considered. Firstly, when the
water in the storage tank is at temperatures of over 50 ºC, water is directly supplied to the
building’s heating system at 45 ºC. This energy is considered to be totally cost-free.
When the temperature in the tank is below 50 ºC, the water is used as an exchanger for the
water-water heat-pump’s evaporation cycle, enabling the pump to work at much better
performance ratios. According to commercial data (CARRIER) for the heat-pump, the
following has been considered:
-

Lower temperature limit due to freeze possibilities, taken at the evaporator’s entrance:
9 ºC

-

Upper temperature limit: 25 ºC. For greater temperatures COP remains constant.

-

COP1 = 4,61, for entrance water temperatures (Tew1) of 9 ºC.

-

COP2 = 5,71, for entrance water temperatures (Tew2) of 25 ºC.

-

For entrance water temperatures between 9 and 25 ºC: COP=0,069*(TewTew1)+COP1

For the case study’s bulding, with an area of 10.000 m2, and following the criteria described
above, an annual heat demand of 1.361.684 kWh is obtained.
An hourly simulation is performed for 365 days, taking into consideration:
-

Solar panel performance

-

Energy generated by solar panels

-

Energy consumed by the building

-

Energetic performance of the heat-pump

-

Temperature in the storage tank

-

Electrical consumption of the heat-pump

A total solar panel area of 1.670 m2 is needed to supply enough energy for the building’s
energy consumption. The storage tank required is 8.300 m3.
The simulation provides the following results:
-

-

-

SOLAR PANELS:
• Area ........................................................................1.670 m2
• Solar energy generated ................................. 1.293.868 Kwh
• Annual performance ratio .............................................. 0,57
SEASONAL STORAGE TANK
• Volume ....................................................................8.300 m3
• Heat loss ...........................................................134.162 Kwh
• Annual performance ratio ............................................0,8963
• Maximum temperature in the tank ..............................76,6 ºC
• Minimum temperature in the tank ................................6,3 ºC
ENERGY USE
• Direct energy transfer from the tank...................300.844 Kwh
• Energy provided by the heat pump ....................847.926 Kwh
• Electrical energy consumed by the heat pump ..212.914 Kwh
• System’s seasonal COP ................................................ 6,40
• Maximum electrical power .........................................136 Kw

The evolution of the temperature in the tank is presented in the following graph (Figure 6):
Figure 6: Temperatures inside the storage tank throughout the year for a total seasonal storage
system

The following diagram represents the seasonal storage system and its energy flows (Figure
7):
Figure 7: Total seasonal storage basic diagram

8. Seasonal storage system with direct energy transfer from the storage tank,
working alongside a water-water and air-water heat pump.
In order to reduce both the total solar panel area and the volume of the storage tank, an
alternative is designed to optimize heat exchange when working with favourable
temperatures, keeping the previous water-water heat pump design for lower –and less
favourable- temperatures.
This case has therefore two different scenarios. When the ambient temperature is below 5
ºC, the system works exactly like the one described in section 7. When ambient temperature
is above 5 ºC, heat exchange with the air is considered efficient enough to work under these
conditions. By having two different working regimes, the objective of reducing solar panel
area and storage tank volume is met. Furthermore, the heat pump is kept from working at
low-efficiency conditions.
COP conditions as presented in section 7 apply to the water-water heat pump in this section.
Following the same example as before, for a building of 10.000 m2, using the same criteria,
the total annual heat consumption is estimated at 1.361.684 kWh.
In order to provide heat to meet this demand, a system is designed with 700 m2 of solar
panels and a storage tank of 4.000 m3.
An hourly simulation is performed –using the same method as in section 7-, obtaining the
following results:
SOLAR PANELS:
• Area............................................................................700 m2
• Solar energy generated .....................................488.477 Kwh
• Annual performance ratio ............................................... 0,51
- SEASONAL STORAGE TANK
• Volume ....................................................................4.000 m3
• Heat loss .............................................................90.763 Kwh
• Annual performance ratio ............................................0,8139

• Maximum temperature in the tank ............................78,00 ºC
• Minimum temperature in the tank ...............................12,4 ºC
ENERGY USE
• Direct energy transfer from the tank...................130.173 Kwh
• Energy provided by the water-water heat pump.263.133 Kwh
• Energy provided by the air-water heat pump .....908.547 Kwh
• Electrical energy consumed by water-water HP...59.832 Kwh
• Electrical energy consumed by air-water ...........307.576 Kwh
• System’s seasonal.......................................................... 3,71
• Maximum electrical power ..........................................159 Kw
Figure 8 shows how temperature in the tank varies throughout the year.
Figure 8: Temperatures inside the storage tank throughout the year for a total seasonal storage
system when ambient temperature <5ºC

A simplified heat transfer diagram is presented in figure 9:
Figure 9: Basic diagram for the seasonal storage system for ambient temperaturas <5ºC

9. System costs
To forecast the additional necessary investment, a general estimate has been made
according to ratios regarding different parameters such as m2 of solar panels, which provide
an estimate on the cost of pumps, heat exchangers, piping and hydraulic elements, etc.
These ratios will be affected by the conditions of each particular project.
An estimate for both case studies is performed, with the following outcome (tables 1 and 2):
Table 1: System cost for first scenario
SEASONAL STORAGE + WATER-WATER HEAT PUMP
CONCEPT
(1)

STORAGE TANK (€/M3)
SOLAR PANELS (€/M2)
PIPING (€/M2 PANEL)

(2)

QTY

€

8.300,00

50,00

415.000,00

1.670,00 310,00

517.700,00

(3)

PRIMARY CIRCUIT HYDRAULICS (pumps, heat exchangers ….) (€/M2 PANEL)
SECONDARY CIRCUIT HYRDRAULICS (pumps, heat exchangers ….) (€/M3 ACUMULACION)

TOTAL

16,00

26.720,00

9,00

15.030,00

7,00

58.100,00

TOTAL

1.032.550,00

SYSTEM RATIO (€/M2 BUILDING)

103,26

Table 2: System cost for second scenario
SEASONAL STORAGE + WATER-WATER HEAT PUMP (Text>5ºC) + AIR-WATER HEAT PUMP
CONCEPT
(1)

STORAGE TANK (€/M3)
SOLAR PANELS (€/M2)
PIPING (€/M2 PANEL)

(2)

(3)

QTY

€

4.000,00

50,00

200.000,00

TOTAL

700,00 310,00

217.000,00

16,00

11.200,00

PRIMARY CIRCUIT HYDRAULICS (pumps, heat exchangers ….) (€/M2 PANEL)

9,00

6.300,00

SECONDARY CIRCUIT HYRDRAULICS (pumps, heat exchangers ….) (€/M3 ACUMULACION)

7,00

28.000,00

(1)
(2)
(3)

TOTAL

462.500,00

SYSTEM RATIO (€/M2 BUILDING)

46,25

Estimate for a height of 4/5 m and 200/250 €/m
According to commercial prizing
Estimated 4m piping per panel
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10. Energy savings. CO2 Emissions.
For energy consumption calculations, energy consumed by pumps in the system has not
been taken into account.
For the different alternatives considered, the following energy consumptions have been
calculated:
-

Natural gas boiler ........................................................................ 1.602 Mwh
Air-water heat pump ................................................................... 498 Mwh
Seasonal storage + water-water heat pump ................................... 213 Mwh
Seasonal storage + water-water h.p. (Text<5ºC) + air-water h.p..... 367 Mwh

Figure 10: Energy consumption for case studies

Therefore, according to calculations, the most efficient system is seasonal storage with a
water-water heat pump, with the following energy savings:
- Compared to a conventional natural gas boiler: 1.398 MWh, which represents an energy
saving of 86,7% of the total energy consumption.
-

Compared to an air-water heat pump: 285 MWh, which represents an energy saving of
57,2% of the total energy consumption.

For the seasonal storage system with water-water heat pump only for Text<5ºC, the following
energy savings are estimated:
- Compared to a conventional natural gas boiler: 1.235 MWh, which represents an energy
saving of 77,1% of the total energy consumption.
-

Compared to an air-water heat pump: 131 MWh, which represents an energy saving of
26,3% of the total energy consumption.

An estimate of the CO2 emissions expected for each of the four scenarios provides the
following results:
- Natural gas boiler..............................................................................322 TnCO2
- Air-water heat pump..........................................................................194 TnCO2
- Seasonal storage + water-water heat pump........................................83 TnCO2
- Seasonal storage + water-water h.p. (Text<5ºC) + air-water h.p.......143 TnCO2
Figure 11: CO2 for case studies

An estimate of 0,39 tnCO2/MWh of electric consumption has been used for the calculations,
according to official data (Spain, 2010).
On a financial scale, the energy savings, considering a price of 0,038858 €/kWh for natural
gas and 0,120623 €/kWh for electrical energy, are translated into euros:
-

SEASONAL STORAGE + WATER-WATER HEAT PUMP
Compared to a conventional natural gas boiler ................................... 36.500 €/year
Compared to an air-water heat pump ................................................. 35.500 €/year

-

SEASONAL STORAGE + WATER-WATER H.P. (T<5ºC) + AIR-WATER H.P.
Compared to a conventional natural gas boiler ................................... 18.500 €/year
Compared to an air-water heat pump ................................................. 16.500 €/year

11. Conclusions
Regarding sustainability, seasonal storage provides very high energetic efficiency levels,
thus being a favourable alternative. For the first seasonal storage case, both the tank’s size
and the amount of solar panels needed for the system to work correctly require a big
investment, as well as large available spaces. On the other hand, when only using seasonal
storage for temperatures under 5 ºC, both the storage volume and the solar panel area are
more reasonable in relation to the building’s size.
For every particular scenario, the required investment will vary, but it is clear that the system
is more efficient for big scenarios, thus being especially useful for district heating. The bigger
the tank is, the lower the amount of heat loss, therefore a smaller investment is needed.
It is important to note that the financial impact (€/m2) of the system is reasonable, especially
if compared to many other constructive elements which do not provide energy savings or
environmental benefits. Seasonal storage provides high efficiency levels with a moderate
financial impact.
Regarding the system’s financial profitability and payback time, it is necessary to note that
the estimated energy savings account only for direct energy consumption, and not emission
costs, which in the case of Spain amount to 100 € per TnCO2. If taken into account, the
estimated time needed for a complete return of the initial investment is 15 to 20 years.
In conclusion, seasonal storage –or artificial geothermics– is a viable system with big energy
savings and a reasonable financial amortization rates, which fundamentally provides huge
emission reductions and therefore contributes to the transition to a more sustainable growth.
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