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ABSTRACT 
 

Energy, similar to water, food and shelter, is an essential need of all human beings in 

the world. Fossil fuels are the prominent source for generating utilisable forms of energy. 

Therefore, fossil fuels are the major contributor to global warming and the greenhouse 

effect on the ozone. 

European Union (EU) energy consumption patterns reveal that buildings are the 

greatest energy consumer using approximately 40% of the total energy demand followed 

by industry and transportation, which consume approximately 30% each. Currently, 

heating is responsible for almost 80% of the energy demand in houses and utility 

buildings, used for space heating and hot water generation, whereas the energy demand 

for cooling is growing yearly. 

The awareness of global warming has intensified in recent times and has 

reinvigorated search for energy sources that are independent of fossil fuels and contribute 

less to global warming. The European strategy to decrease the energy dependence rests 

on two objectives: the diversification of the various sources of supply and policies to 

control consumption. The key to diversification is ecological and renewable energy 

sources (RES) because they have significant potential to contribute to sustainable 

development. Among the energy alternatives to fossil fuels, RES such as solar, 

geothermal and hidropower are more available. 

Key applications for solar technologies are those that require low temperature heat 

such as domestic water heating, space heating, pool heating, drying process and certain 

industrial processes. Concerning the use of high efficiency heating/cooling systems and 

the integration of RES, the heat pump (HP) is one of the most advantageous systems to 

be considered in a heating, ventilating and air conditioning plant (HVAC). 

During the last decades there is an increasing interest in dual source systems. The 

main idea in dual source systems is that the HP absorbs heat by two heat sources. Two 
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arrangements widely studied in literature are air-source HP/solar collectors and ground-

source HP/solar collectors. 

Solar energy has the characteristics of intermittence and low density, which largely 

restrict the application of solar heating. The solar-assisted heat pump (SAHP) heating 

system, which combines HP technology with solar heating technology, can solve the 

intermittent problem of solar energy. HP systems can extract low-grade thermal energy 

from the environment and waste heat for use in water/space heating applications. 

This chapter offers a comprehensive and consistent overview of SAHP systems. 

Initially, it presents the operation principle of an HP, discusses the vapour compression-

based HP systems, and describes the thermodynamic cycle and they calculation, as well 

as operation regimes of a vapour compression HP with electro-compressor. The 

calculation of greenhouse gas (GHG) emissions of HPs and energy performance criteria 

that allow for implementing an HP in a heating/cooling system is considered. A detailed 

description of the HP types and ground-source HP (GSHP) development is presented and 

important information on the selection of the heat source and HP systems are discussed. 

Additionally, other approach is to integrate the solar thermal system on the source side of 

the HP so that the solar thermal energy is either the sole heat source for the HP or 

provides suplementary heat. The operation principle and calculation of the 

thermodynamic cycle for a solar-assisted absorption HP are also briefly analysed. Finally, 

a novel HVAC system consisting in a solar-assisted absorption ground-coupled HP is 

described and some of the influence parameters on its energy efficiency is analysed. A 

model of the experimental installation is developed using the Transient Systems 

Simulation (TRNSYS) software and validated with experimental results obtained in the 

installation for its cooling mode operation. 

 

 

1. INTRODUCTION 
 

Energy, similar to water, food and shelter, is an essential need of all human beings in the 

world. Fossil fuels are the prominent source for generating utilisable forms of energy [1]. 

Therefore, fossil fuels are the major contributor to global warming and the greenhouse effect 

on the ozone. 

European Union (EU) energy consumption patterns reveal that buildings are the greatest 

energy consumer using approximately 40% of the total energy demand followed by industry 

and transportation, which consume approximately 30% each [2]. Currently, heating is 

responsible for almost 80% of the energy demand in houses and utility buildings, used for 

space heating and hot water generation, whereas the energy demand for cooling is growing 

yearly. Usual vapour compression-based cycles are electrically powered, consuming large 

amounts of high quality energy, which significantly increases the fossil fuel consumption. 

The awareness of global warming has intensified in recent times and has reinvigorated 

search for energy sources that are independent of fossil fuels and contribute less to global 

warming. The European strategy to decrease the energy dependence rests on two objectives: 

the diversification of the various sources of supply and policies to control consumption. The 

key to diversification is ecological and renewable energy sources (RES) because they have 

significant potential to contribute to sustainable development [3]. 

Renewable energy refers to the form of energy that either does not become depleted or 

has the natural ability to renew itself. RES include wind, wave, solar, biomass, hydro, tidal 

and geothermal energies, or even thermal waste from various processes [4]. Among the 
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energy alternatives to fossil fuels, RES such as solar, geothermal and hidropower are more 

available. 

Solar thermal energy is appropriate for both heating and cooling. Key applications for 

solar technologies are those that require low temperature heat such as domestic water heating, 

space heating, pool heating, drying process and certain industrial processes. Solar applications 

can also meet cooling needs, with the advantage that the supply (sunny summer days) and the 

demand (desire for a cool indoor environment) are well matched. 

Concerning the use of high efficiency heating/cooling systems and the integration of 

RES, the heat pump (HP) is one of the most advantageous systems to be considered in a 

heating, ventilating and air conditioning (HVAC) plant. The Renewable Energy Directive 

2009/28/EC opens up a major opportunity for the further use of HPs for heating and cooling 

of new and existing buildings. 

The amount of ambient energy Eres captured by HPs to be considered renewable energy 

shall be calculated in accordance with the following equation [5]: 

 











SPF

1
1Ures EE

    (1) 

 

where EU is the estimated total usable thermal energy delivered by HPs and SPF is the 

estimated seasonal performance factor for these HPs. 

Only heat pumps for which SPF > 1.15/ shall be taken into account, where  is the ratio 

between the total gross production of electricity and the primary energy consumption for 

electricity production. For EU countries, the average  is 0.4, meaning that the minimum 

value of the seasonal performance factor should be 2.875. 

As it is well known, designing a HP system needs particular care concerning the selection 

of both the heating system (to lower heat supply temperature) and the heat source (external 

ambient air is the most diffused but the worst from thermodynamic point of view as the 

buildings heating loads generally increase as air temperature decreases) [6]. During the last 

decades there is an increasing interest in dual source systems. The idea of utilising different 

RES for an HP at a single-family house is presented in Figure 1. 

The main idea in dual source systems is that the HP absorbs heat by two heat sources. 

Two arrangements widely studied in literature are air-source HP/ 

solar collectors and ground-source HP/solar collectors. The three typical configurations for 

the operation of such systems are “in series” (the two sources are aligned in series so that the 

former raises the temperature before that heat is taken from the latter), “in parallel” (solar 

energy is used to supply the heating load directly) or “dual source” (the HP takes heat 

choosing time by time the most favourable source from the thermodynamic point of view) 

[7]. 

Solar energy has the characteristics of intermittence and low density, which largely 

restrict the application of solar heating. The solar-assisted heat pump (SAHP) heating system, 

which combines HP technology with solar heating technology, can solve the intermittent 

problem of solar energy. 

HP systems can extract low-grade thermal energy from the environment and waste heat 

for use in water/space heating applications. On the other hand, photovoltaic/thermal (PV/T) 
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solar collectors that simultaneously produce electricity and heat are currently considered the 

most efficient devices to harness the available solar energy. 

 

 

Figure 1. Different RES for a heat pump. 

Thygesen and Karlsson [8] simulated and analysed three different SAHP systems in 

Swedish near zero energy single-family houses. The analysed systems were: a PV-system and 

an HP, an HP and a solar thermal system and an HP, a PV-system and a solar thermal system. 

The conclusion was that a PV system in combination with an HP was a superior alternative to 

a solar thermal system in combination with an HP. 

This chapter offers a comprehensive and consistent overview of SAHP systems. Initially, 

it presents the operation principle of an HP, discusses the vapour compression-based HP 

systems, and describes the thermodynamic cycle and they calculation, as well as operation 

regimes of a vapour compression HP with electro-compressor. The calculation of greenhouse 

gas (GHG) emissions of HPs and energy performance criteria that allow for implementing an 

HP in a heating/cooling system is considered. A detailed description of the HP types and 

ground-source HP (GSHP) development is presented and important information on the 

selection of the heat source and HP systems are discussed. Additionally, other approach is to 

integrate the solar thermal system on the source side of the HP so that the solar thermal 

energy is either the sole heat source for the HP or provides suplementary heat. The operation 

principle and calculation of the thermodynamic cycle for a solar-assisted absorption HP are 

also briefly analysed. Finally, a novel HVAC system consisting in a solar-assisted absorption 

ground-coupled HP is described and some of the influence parameters on its energy 

efficiency is analysed. A model of the experimental installation is developed using the 

Transient Systems Simulation (TRNSYS) software and validated with experimental results 

obtained in the installation for its cooling mode operation. 
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2. OPERATION PRINCIPLE OF A HEAT PUMP 
 

An HP is a thermal installation that is based on a reverse Carnot thermodynamic cycle, 

which consumes drive energy and produces a thermal effect. Any HP moves (pumps) heat ES 

from a source with low temperature ts to a source with a high temperature tu, consuming the 

drive energy ED. 

 

 A heat source can be: 

 a gas or air (outdoor air, warm air from ventilation, hot gases from industrial 

processes); 

 a liquid called “generic water”: surface water (river, lake, or sea), groundwater, 

or discharged hot water (domestic, technologic, or recirculated in cooling 

towers); or 

 ground, with the advantage of accessibility. 

 Heat consumer. The heat pump yields thermal energy at a higher temperature, 

depending on the application of the heat consumer. This energy can be used for: 

 space heating, which is related to low-temperature heating systems: radiant 

panels (floor, wall, ceiling, or floor-ceiling), warm air, or convective systems; or 

 water heating (pools, domestic or technologic hot water); 

 

The heat consumer is recommended to be associated with a cold consumer. This can be 

performed with either a reversible (heating-cooling) or a double-effect system. In cooling 

mode, an HP operates exactly like central air-conditioner (A/C). 

 

 Drive energy. HPs can be used to drive different energy forms: 

 electrical energy (electrocompressor); 

 mechanical energy (mechanical compression with expansion turbines); 

 thermomechanical energy (steam ejector system); 

 thermal energy (absorption cycle); or 

 thermoelectrical energy (Peltier effect). 

 

The most used HP systems are electrically driven (vapour compression-based) and 

absorption HPs. 

 

 

3. VAPOUR COMPRESSION-BASED HEAT PUMP SYSTEMS 
 

3.1. Thermodynamic Cycle 
 

The air- and ground-source HPs are those with electro-compressor. The process of 

elevating low temperature heat to over 38C and transferring it indoors involves a cycle of 

evaporation, compression, condensation and expansion (Figure 2a). A non-

chlorofluorocarbon refrigerant is used as the heat-transfer medium, which circulates within 
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the HP. The basic vapour-compression cycle is considered to be one with isentropic 

compression and sub-cooling of liquid, and with no superheat of vapour (Figure 2b). 

The specific compression work w, in kJ/kg, the specific cooling power qe, in kJ/kg, the 

specific heat load at condensation qc, in kJ/kg, the specific sub-cooling power qsc, in kJ/kg, 

the coefficient of performance COP are calculated as follows: 

 

12 hhw 
    (2) 
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(a)       (b) 

Figure 2. Schematic of an HP (a) and vapour-compression processes in t-s and p-h diagrams (b). 

Thermal power (capacity) of heat pump Qhp, in kW, is expressed as: 

 

)( sccrhp qqmQ 
    (7) 

 

where mr is the mass flow rate of refrigerant, in kg/s. 

The power necessary for the isentropic compression Pis, in kW, may be calculated using 

the equation: 
 

wmP ris      (8) 

 

The effective electrical power Pel on the compressor shaft is larger and is defined as: 

 

is
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el

η

P
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    (9) 

where is is the isentropic efficiency. 
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3.2. Operation Regimes of a Heat Pump 
 

The operation regime of a HP is adapted to the existing heating system of buildings. If 

the supply temperature is higher than the maximum supply temperature of the HP (55°C), 

then the heat pump will only operate in addition to traditional sources of heat. In new 

buildings, a distribution system should be selected with a maximum supply temperature of 

35°C. 

The following operating regimes are described next: 

 

 Monovalent regime. For the univalent regime, the HP system meets the entire heat 

demand of the building at all times. The distribution system should be designed for a 

supply temperature below the maximum supply temperature of the HP. This 

operation regime is well suited for applications with supply temperatures of up to 

65°C. Systems with ground water or ground heat source collectors are operated as 

monovalent systems. 

 Bivalent regime. A bivalent heating plant (Figure 3) has two sources of heat. A HP 

with electrical action is combined with at least one heat source for solid, liquid or 

gaseous fuels, or solar source. This regime can be bivalent-parallel (HP operates 

simultaneously with another heat source) or bivalent-alternate (usage of either the HP 

system or the other heat source). 

 Bivalent-parallel. The HP heats independently to a certain set point, at which an 

auxiliary heating system (electric element or boiler) is turned on and the two 

systems operate in parallel to meet the heating demand for a maximum supply 

temperature of up to 65°C. This operation is used mainly with new air source 

systems or in renovations of old buildings. 

 Bivalent-alternate. The HP heats independently to a certain set point. Once this 

point is reached, a boiler meets the full heating demand. This operation is 

suitable for supply temperatures of up to 90°C and is typically installed in 

renovated buildings. 

 Mono-energetic regime is a bivalent operation regime in which the second heat 

source (auxiliary source) functions with the same type of energy (electricity) as the 

HP. 

 

To make economic operation of a heating system with HPs possible, in some countries, 

the electricity supplier provides special electricity tariffs for HPs. These prices usually 

assume that the electricity supply for HPs can be interrupted when the network is overloaded. 

For example, electricity supply for HP systems with the univalent operation regime may be 

discontinued three times in 24 h for more than 2 h. The operating time between two 

interruptions should not be less than the previous interruption. In the case of HP systems with 

bivalent operation, the electricity supply may be interrupted during the heating period for up 

to 960 h. 
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Figure 3. Bivalent operation regime of a heat pump. 

For existing buildings, the bivalent operation regime is recommended because a heat 

source exists, which can usually be used to further cover the peak loads of cold winter days 

with required supply temperatures of over 55°C. 

For new buildings, the univalent operation regime has proven useful because it may be 

interrupted. The HP can cover the annual heat demand, and the periods of interruption do not 

lead to disturbances in operation because, for example, floor heating interruption may not 

cause changes in the comfort temperature. 

 

 

3.3. Performance and CO2 Emission of a Heat Pump 
 

3.3.1. Coeficient of Performance 

The operation of a HP is characterised by the coefficient of performance (COP) defined 

as the ratio between useful thermal energy Et and electrical energy consumption Eel: 

 

 

el

tCOP
E

E


    (10) 

 

The overall COP of a solar-assisted HP system is given by the following equation: 

 

s

t
sysCOP

E

E


    (11) 

 

where Es is the solar thermal energy received by the solar collector surface. 
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Seasonal coefficient of performance (COPseasonal) or average COP over a heating 

(cooling) season, often indicated as the seasonal performance factor (SPF) or annual 

efficiency, is obtained if in Equation (10) is used summation of both usable energy and 

consumed energy during a season (year) 

In the heating operate mode the COP of HP is defined by the following equation: 

 

el

hp
hpCOP
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    (12) 

 

where: Qhp is the thermal power of heat pump, in W; Pel is the electric power consumed by 

the compressor of HP, in W. 

In the cooling mode, an HP operates exactly like a central A/C. The energy efficiency 

ratio (EER) is analogous to the COP but describes the cooling performance. The EERhp, in 

Btu/(Wh) is defined as: 

 

el
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Q


    (13) 

 

where: Qe is the cooling power of HP, in British Thermal Unit per hour (Btu/h); Pel is the 

compressor power, in W. 

The coefficient of performance of an HP in cooling mode is obtained by the following 

equation: 

 

412.3

EER
COP hp

hp 
    (14) 

 

where value 3.412 is the transformation factor from Watt in Btu/h. 

The GSHP systems intended for ground-water or oven-system applications have heating 

COP ratings ranging from 3.0 to 4.0 and cooling EER ratings between 11.0 and 17.0. Those 

systems intended for closed-loop applications have COP ratings between 2.5 and 4.0 and EER 

ratings ranging from 10.5 to 20.0 [9]. The characteristic values of the SPF of modern GSHPs 

are commonly assumed to be approximately 4, meaning that four units of heat are gained per 

unit of consumed electricity. 

The sizing factor (SF) of the HP is defined as the ratio of the HP capacity QHP to the 

maximum heating demand Qmax: 

 

max

hpSF
Q

Q


    (15) 

 

The SF can be optimised in terms of energy and economics, depending on the source 

temperature and the used adjustment schedule. 
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3.3.2. Profitability and Capabilities of Heat Pump 

The factors that can affect the life-cycle efficiency of a HP are (i) the local method of 

electricity generation; (ii) the local climate; (iii) the type of HP (ground or air source); (iv) the 

refrigerant used; (v) the size of the HP; (vi) the thermostat controls; and (vii) the quality of 

work during installation. 

Considering that the HP has over-unit efficiency, evaluation of the consumed primary 

energy uses a synthetic indicator [10]: 

 

hpgs COPηη 
    (16) 

 

in which: 

 

emtpg ηηηη 
    (17) 

 

where g is the global efficiency and p, t and em are the electricity production, the 

transportation and the electromotor efficiency, respectively. 

For justify the use of an HP, the synthetic indicator has to satisfy the condition 1η s . 

Additionally, the use of an HP can only be considered if the COPhp > 2.78. 

The COP of an HP is restricted by the second law of thermodynamics: 

 

 in heating mode: 
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    (18) 

 

 in cooling mode: 
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    (19) 

 

where tu and ts are the absolute temperatures of the hot environment (condensation 

temperature) and the cold source (evaporation temperature), respectively, in K. 

The maximum value C of the efficiency can be obtained in the reverse Carnot cycle. 

In many cases, HP systems can be successfully combined with solar thermal systems so 

that solar thermal energy can be used to meet a large proportion of the hot water requirements 

in summer and part of heating load during transitional periods. Alternatively, the COP of HPs 

increases significantly when the temperature of the heat source is increased with solar thermal 

energy. 

 

3.3.3. Calculation of CO2 Emission 

Due to the diversity in each country with respect to heating practices, direct energy use 

by HPs, and primary energy sources for electricity, country-specific calculations are provided. 
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The carbon dioxide (CO2) emission 
2COC  of the HP during its operation can be evaluated 

with the following equation: 

 

elelCO2
EgC 

    (20) 

 

where gel is the specific CO2 emission factor for electricity. The average European CO2 

emission factor for electricity production is 0.486 kg CO2/kWh and for Romania is 0.547 kg 

CO2/kWh [11]. 

Because heat pump electricity consumption is considered the most important source for 

CO2 emission [12], other potential contributors (e.g., HP life cycle, HP refrigerant, and 

borehole construction) are neglected. 

 

 

3.4. Types of Heat Pumps 
 

HPs are classified by (i) the heat source and sink; (ii) the heating and cooling distribution 

fluids; and (iii) the thermodynamic cycle. The following classifications can be made 

according to [13]: 

 

 function: heating, cooling, domestic hot water (DHW) heating, ventilation, drying, 

heat recovery, etc. 

 heat source: ground, ground-water, water, air, exhaust air, etc. 

 heat source (intermediate fluid)-heat distribution: air-to-air, air-to-water, water-to-

water, antifreeze (brine)-to-water, direct expansion-to-water, etc. 

 

3.4.1. Air-To-Air Heat Pumps 

Air-to-air HPs are the most common and are particularly suitable for factory-built unitary 

HPs. These HPs are also found in controlled dwelling ventilation applications to enable an 

increase in the heat recovery from the exhaust air, and can even allow for the cooling of 

selected rooms. Air-to-air HPs have a full-hermetic compressor, finned heat exchangers for 

the evaporator and condenser, and an expansion valve as well as the necessary safety 

mechanisms. As the outdoor air temperature decreases the heat demand increases and the HP 

capacity substantially decreases due to the efficiency reduction. 

 

3.4.2. Water-To-Air Heat Pumps 

Description of the system. Water-to-air HPs rely on water as the heat source and sink, and 

use air to transmit heat to or from the conditioned space. 

 

They include: 

 

 surface-water heat pumps (SWHPs), which use surface water from a lake, pond, or 

stream as a heat source or sink; 

 ground-water heat pumps (GWHPs), which use ground-water from wells as a heat 

source and/or sink; 
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 SAHPs, which rely on low-temperature solar energy as the heat source. 

 

Solar-assisted HPs. An advanced HP system was developed, where solar energy is 

coupled to the evaporator side of a water-source HP incorporated into an air distribution 

system common in North America. A schematic of this system is shown in Figure 4. Solar 

collectors mounted on the south facing roof inject heat into a storage tank located on the 

evaporator side of the HP. The solar collector circulation pump is controlled to operate when 

heat gain from the solar collectors is available and there is a storage capacity for heat. The 

storage tank on the evaporator side of the HP is maintained up to 45°C, with any additional 

solar heating used to offset the DHW load. In the event the evaporator side storage tank falls 

below 5°C and there is a demand for heat, the HP is stopped and an electric duct heater is 

activated to maintain comfort conditions. In cooling mode, heat is rejected through a fluid 

cooler and any solar heating is used to meet the DHW load. The DHW tank has an electric 

heater to ensure adequate DHW temperatures are attained. 

Typically these systems have used a water tank for storage, connected in series between 

the solar loop and the HP evaporator. In this configuration, heat may also be stored in the tank 

when the HP operates in cooling mode. 

 

3.4.3. Air-To-Water Heat Pumps 

Air-to-water HPs [14] use outdoor air as their heat source and are mostly operated in 

bivalent heating systems, as well as for cooling, heat recovery and DHW production. The 

indoor unit contains the substantial components and is fitted indoors, protected from weather 

and freezing temperatures. The outdoor unit is connected to the indoor unit via refrigeration 

lines. Through the elimination of air ducts, extremely quiet, energy-efficient fans are made 

possible. 

 

 
Figure 4. Schematic of a solar-assisted water-source heat pump. 

 

3.4.4. Water-to-Water Heat Pumps 

Water-to-water HPs operate as GWHPs or SWHPs. Water-to-water HPs use water (e.g., 

aquifer-fed boreholes, lakes, or water bodies) as the heat source and sink for heating and 

cooling. Antifreeze-to-water HPs are used in closed-loop ground-coupled installations. 

Water-to-water and antifreeze-to-water HPs are used for monovalent heating operation, as 

well as cooling, heat recovery and DHW production. 
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Heating/cooling changeover can be performed in the refrigerant circuit, but it is often 

more convenient to perform the switch in the water circuits. Several water-to-water HPs can 

be grouped together to create a central cooling and heating plant to serve several air-handling 

units. This application has advantages of better control, centralised maintenance, redundancy, 

and flexibility. 

Figure 5 shows a system that exclusively uses the solar thermal system as the heat source 

for the HP. The flat-plate collector (FPC) gives precedence to directly heating the DHW 

storage tank. If the solar thermal energy generated surpasses the requirements or the 

generated temperatures are too low, the solar heat is fed into a buffer storage tank that is used 

as the heat source for the HP. The buffer storage tank ensures that the solar thermal energy 

can be used at a later stage following its generation. 

 

3.4.5. Ground-Coupled Heat Pumps 

Ground-coupled HPs use the ground as a heat source and sink. A HP may have a 

refrigerant-to-water heat exchanger or may be direct-expansion (DX). In systems with 

refrigerant-to-water heat exchangers, a water or antifreeze solution is pumped through 

horizontal, vertical, or coiled pipes embedded in the ground. DX ground-coupled HPs use 

refrigerant in DX, flooded, or recirculation evaporator circuits for the ground pipe coils. 

A loop of suitable pipe containing the refrigerant and lubricant is put in direct contact 

with the ground or water body. The compressor operation circulates the refrigerant directly 

around this loop, thus eliminating the heat transfer losses associated with the intermediate 

water-DX heat exchanger found in conventional water source HPs [14]. There is also no need 

for a source-side circulation pump as the compressor fulfils this role. However, care must be 

taken to ensure that the DX loops are totally sealed and corrosion resistant and that the 

lubricant is adequately circulated to meet the needs of the compressor. 

 

 

Figure 5. Schematic of a solar-assisted water-to-water HP system. 

A hybrid ground-coupled HP is a variation that uses a cooling tower or air-cooled 

condenser to reduce the total annual heat rejection to the ground coupling. 
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3.5. Selection of Heat Source and Heat Pump System 
 

An HP heating system consists of a heat source, an HP unit and a heat delivery system. 

For system planning, all of the components must be designed to interact optimally to ensure 

the highest level of performance and reliable operation. As a rule, the heat source with the 

highest temperature levels should be selected to ensure the highest possible coefficient of 

performance and thereby the lowest operation costs. 

If ground-water is available at a reasonable depth, temperature, acceptable quality and in 

sufficient quantity, the highest COP can be achieved. The best ground-water heat source 

system is an open system, which may require approval. 

If the use of ground-water is not available, the ground can function as an efficient, 

effective thermal storage medium with a relatively high temperature. If sufficient surface area 

is available, horizontal collectors offer the most cost effective solution. If space is limited, 

vertical loops using geothermal energy can be effective. These heat sources are closed 

systems, meaning that the antifreeze solution (brine) stays within the buried tube system. In 

direct expansion systems, the heat stored in the ground is absorbed directly by the refrigerant. 

Horizontal collectors are mainly used with this system. If ground-water or ground source 

systems cannot be used, air as a heat source is available practically anywhere. These systems 

are particularly suitable for retrofits or combined with another heat source (i.e., bivalent 

operation). 

The selection of the heat source determines to a great extent the required HP type and 

operation. The exact size selection of the HPs is important because oversized systems operate 

with lower efficiencies, leading to excessive costs. The required thermal power of an HP must 

cover the total heat demand: 

 

vhreq QQQ 
    (21) 

 

where Qh is the heating demand and Qv is the ventilation demand. 

The determination of the heat demand can be performed according to European standard 

EN 12831 or national standards, for example DIN 4701 and EnEV 2002 (Germany); 

ÖNORM 7500 (Austria); SIA 380-1 and SIA 384.2 (Switzerland); and SR 1907 (Romania). 

With active cooling, the refrigeration cycle of the HP is reversed using a four-way valve. 

The condenser is transformed into an evaporator and actively removes the unwanted heat 

(cooling) from the floor/wall areas and sends it into the ground. 

The cooling capacity during cooling operation is often higher than the heating 

requirement during heating operation. The determination of the cooling demand can be 

performed according to European standard EN 15243 or national standards, for example VDI 

2078 (Germany) and SR 6648-1,2 (Romania). 

Utilities sometimes offer a reduced price for electricity for an HP. In return, they 

maintain the right to interrupt the supply at certain periods during the day. The power supply 

can be interrupted three times for 2 h within a 24-h period. Therefore, the HP must meet the 

required daily heat demand in the time in which electricity is delivered. The required heat 

capacity of the HP Qhp, in W, can be calculated as: 
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    (22) 

 

To achieve maximum system efficiency, a separate, independent HP should be planned 

for DHW heating. This should be optimally sized and installed, and can provide additional 

functions (ventilation, cooling, and dehumidification). 

The heating HP is oversized for DHW heating during the summer and must operate at a 

higher temperature difference in the winter due to the water heating priority. The average 

DHW demand can be assumed to be 30 l/person/day at 45°C. The maximum operating 

temperature in the distribution network is 60°C. An exact calculation of the heat demand for 

DHW can be made using international or national norms. 

Numerous compact units which combine heating, hot water production and even 

controlled ventilation are on the market. In some cases, combination storage tanks are used in 

these applications. In these tanks, the domestic water and heating loop water are stored 

separately. The heat sources range from outdoor air to exhaust air to ground or ground-water. 

In many cases, various heat sources are combined. 

Once the total required heating capacity of the HP is determined, an appropriate HP 

model can be selected, based upon the technical characteristics data provided by HP 

manufacturers. 

 

 

3.6. Air-Source Heat Pump Systems 
 

3.6.1. Description of the Systems 

Generally a fully-hermetic compressor (piston or scroll) with built-in, internal overload 

protection is used in air-source HPs (ASHPs). Stainless steel flat plate heat exchangers are 

used for the condenser. Expansion valve, weather-dependent defrost mechanism  preferably 

hot gas. Copper-tube aluminium finned evaporator. For quiet operation an axial fan with low 

speed should be used. Electrical components and the controller are either integrated or 

externally mounted, depending on manufacturer and model. Control of the heating system is 

commonly integrated. 

The heat demand of a building depends of the climate zone in which it is located. In 

temperate climate conditions such as in Romania, the heat demand Qreq evolves from the 

minimum values in the provisional seasons (spring and autumn) to the maximum value in the 

cold season (Figure 6). The annual number of hours with the minimum outdoor air 

temperature represents approximately 10-15% of the total time for heating, which is why the 

selection of an HP to cover the integral peak load is not recommended. 

To reduce costs, the HP is selected to cover only 70-75% of the maximum heat demand 

of the building. The rest of the heat demand is produced by an auxiliary traditional source 

(i.e., electric heater or oil/gas boiler). In this case, the HP operates in bivalent mode (Figure 

6), distinguishing three situations: 

 

1. if the outdoor air temperature ta is lower than the limit heating temperature tlim, the 

heat pump provides the full heat demand up to the balance point temperature tech; 
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2. if the outdoor air temperature ta is lower than tech, the heat pump provides part of the 

heat demand and the rest is provided by the peak traditional source; 

3. when the outdoor air temperature ta reaches the stop-heating temperature to, the heat 

pump is switched off and the traditional source meets the full heat demand. 

 

 
Po-stop-heating point; Pech-balance point; Plim-limit heating point. 

Figure 6. Heat demand provided in function of source temperature. 

 

Figure 7. Schematic of a solar-assisted air-to-water HP system. 

Usually, the balance point corresponds to an outdoor temperature of 0 to +5C. For 

temperate climate zones, the HP covers approximately two-thirds of the annual heat demand. 

Figure 7 illustrates a system with an air-source HP and a FPC. The solar thermal energy 

principally heats a DHW storage tank. If the generated temperature is not sufficient, the solar 

thermal energy is directly used as an additional heat source for the HP during the HP 

operation. This increases the source temperature of the HP, which for ASHPs is only very low 

on cold days during the heating season. 

An advanced HP system was developed, where solar energy is coupled to the evaporator 

side of an ASHP incorporated into an air distribution system. A schematic of this system is 

shown in Figure 8. 

The objective of this concept is to reduce the temperature difference across the 

evaporator and condenser of an air-to-air HP through the use of solar energy, thereby 

improving the system performance and heating capacity at lower ambient temperatures. Solar 

collectors mounted on the south facing roof heat the heat transfer fluid (HTF), preheating the 



Solar-Assisted Heat Pump Systems 95 

ambient air through the outdoor unit during heating mode. The circulating pump is controlled 

to operate when heat gain from the solar collector is available. In the event the HP is not in 

operation, the HTF is diverted to the DHW storage tank used to preheat the DHW for the 

household. An electric heater ensures DHW is maintained at adequate temperatures. When 

the HP is unable to meet the heat demand of the house, the electric baseboard heaters are 

activated to maintain comfort conditions. 

 

 

Figure 8. Schematic of a solar-assisted air-to-air heat pump. 

 

 

Figure 9. Schematic of the solar-assisted air-source heat pump heating system. 
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3.6.2. Modelling the Solar-Assisted ASHP System for Building Heating 

Because of the flexibility, convenience and low investment of ASHP, thermal solar 

energy was combined with ASHP to form a new solar-assisted ASHP system for building 

heating [15]. The whole heating system consisted of two parts: ASHP unit and solar 

collection unit. The schematic of the solar-assisted ASHP system is shown in Figure 9. 

The output water temperature of the system (two) is 45C and the return water temperature 

of the system (twr) is 40C. In the loop of hot water, the condenser of ASHP is in series with 

solar collector, and the ASHP is in front of the solar collector. The system works by three 

modes: (1) single ASHP mode, which is operated when the sun is not available or solar 

radiant intensity is low, then the available heat of radiation is smaller than or equal to the heat 

dissipation of solar collector with the water temperature of 45C (the available heat of 

radiation refers to the heat which can be absorbed by water in the solar collector); (2) 

combination mode, which is operated when the available heat of radiation is more than the 

heat dissipation of solar collector with the water temperature of 45C, and the available heat 

of radiation is not adequate to increase the water temperature by 5C; (3) single solar 

collector mode, which is operated when the solar collector can provide adequate heat to 

increase the water temperature by 5C. The specific process of each mode is as follow: 

 

1) Single ASHP mode: the solenoid valves 2 and 4 are closed, and the solenoid valves 1 

and 3 are opened; the return water passes through the solenoid valve 1 and enters the 

condenser (shell and tube heat exchanger), then the water cools down refrigerant and 

absorbs the heat, whose temperature increases to 45C; after it goes out of the 

condenser, it gets through the solenoid valve 3 to reach the hot water tank, and flows 

out of system after being pressurised by the pump to the air handling unit (AHU). 

2) Combination mode: the solenoid valves 2 and 3 are closed, and the solenoid valves 1 

and 4 are opened; the return water passes through the solenoid valve 1 and enters the 

condenser, then the water cools down refrigerant and absorbs the heat, whose 

temperature increases; after it goes out of the shell and tube condenser, it gets 

through the solenoid valve 4 to reach the solar collector and absorbs the heat; when 

the temperature increases to 45C, it enters the hot water tank and flows out the 

system after being pressurised by the pump to the AHU. 

3) Solar collector direct heat supply mode: the solenoid valves 1 and 3 are closed, and 

the solenoid valves 2 and 4 are opened; the return water passes through the solenoid 

valves 2 and 4, then the water directly enters the solar collector to absorb the heat; 

when the temperature rises to 45°C, it enters the hot water tank and flows out the 

system after being pressurised by the pump to the AHU. 

 

The compressor in the ASHP is a variable capacity compressor. Under the combination 

mode, the compressor runs at variable capacity to maintain the two at 45C. The higher the 

solar radiant intensity is, the lower capacity the compressor runs with, and vice versa. The 

testing results by solar radiant intensity instrument are used as the reference for the switching 

between the modes. 

Under the combination mode, the temperature of output water from the condenser of the 

ASHP, two declines with the increase of solar radiant intensity. In this way, the condensing 
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pressure and condensing temperature of the HP system will be decreased, which make the 

improvement of HP performance. 

Model of the ASHP unit. To obtain the operational characteristic and the performance 

rules of the system at steady state, a steady-state model of the heating system was built up 

[15]. The solar-assisted ASHPS was designed without heat storage, and its rated heating 

capacity was 10 kW. So the heating capacity of the ASHP was 10 kW under the rated heating 

condition. The compressor of the HP was a frequency conversion compressor, and the 

refrigerant of HP was R22. The evaporator was a finned tube heat exchanger, the condenser 

was a shell and tube heat exchanger, and the throttle was an electronic expansion valve. In the 

ASHP model, the following assumptions about heat exchangers were made: (i) it is thermal 

isolation between the shell and tube heat exchanger and the environment; (ii) the pressure 

inside heat exchanger and the temperature of refrigerant inside two-phase zone are constant; 

(iii) only pure refrigerant is considered; (iv) axial heat transfer is neglected; and (v) the 

refrigerant from each channel of the heat exchanger is fully mixed. 

Model of the condenser. 1) Heat transfer coefficients of refrigerant in single-phase zone: 

The heat transfer coefficient of superheated zone αsh, in W/ 

(m2K) and the heat transfer coefficient of subcooled zone αsc, in W/(m2K) can both be 

calculated by the standard Dittus-Boelter formula: 
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where: v and l are the thermal conductivities, in W/(mK), of vapour and liquid, 

respectively; di is the internal diameter of pipe, in m; Rev, Rel are the Reynolds number for 

vapour and liquid; Prv, Prl are the Prandtl number for vapour and liquid. 

2) Heat transfer coefficient of refrigerant in two-phase zone. Local heat transfer 

convection coefficient in the two-phase zone tp(x), in W/(m2K) can be evaluated by Dobson 

formula: 
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where Xt is Martinelli value; p is the pressure, in Pa; pcr is the critical pressure of refrigerant, 

in Pa; x is the dryness ratio of refrigerant. 

3) Heat transfer coefficient of external water. The shell side of the shell and tube heat 

exchanger was equipped with baffle plates. Heat exchange happened by the water flowing 
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vertically and horizontally outside the pipes. The heat transfer coefficient of external water 

αw, in W/(m2K) can be calculated using following equation: 
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where: de is the external diametre of pipe, in m; w is the thermal conductivity of water, in 

W/(mK); Rew and Prw are the Reynolds and Prandtl numbers, respectively for water. 

Model of the evaporator. 1) Heat transfer coefficient of refrigerant in the superheated 

zone. In the superheated zone, the refrigerant was in the state of superheated vapour and 

moved in the form of turbulent flow inside the pipes. Heat transfer coefficient of refrigerant 

αsh, in W/(m2K) can be evaluated by Petukhov-Popov equation: 
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in which: 
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where f is the friction factor for pipes. 

2) Average heat transfer coefficient of refrigerant in two-phase zone. The local heat 

transfer coefficient in the two-phase zone tp(x), which was related to the refrigerant dryness 

ratio x, may be evaluated by: 
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where l is the heat transfer coefficient of refrigerant in pure liquid phase, in W/(m2K); l 

and v are the dynamic viscosities, in Pas, of liquid refrigerant and vapour refrigerant; l and 

v are the densities, in kg/m3, of liquid refrigerant and vapour refrigerant, respectively 

The average heat transfer coefficient of the two-phase zone tp, may be evaluated by the 

following formula: 
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3) Heat transfer coefficient of external air. The fin type of the finned tube exchanger is a 

straight one-piece fin. The heat transfer coefficient of external air L, in W/(m2K) can be 

obtained [15]: 

 

Nu
λ

α
b

L
L

d


   (34) 

 

in which: 

 
1590.0

b

1

0887.0

b

424.0
LRe982.0Nu












 












d

sN

d

s

   (35) 

 

where: L is the thermal conductivity of air, in W/(mK); db is the diameter of root of fins, in 

m; Nu is the Nusselt number; ReL is the reynolds number for air; s is the fin interval, in m; s1 

is the interval between tubes along the air direction, in m; N is the row number of finned tube. 

Model of the compressor. The suction pressure and discharge pressure of compressor 

were assumed as the evaporation pressure and condensation pressure of the system 

respectively. The mass flow rate of refrigerant in compressor mk, in kg/m3 depended on the 

working capacity of compressor Vk, in m3, the capacity efficiency of compressor ck and the 

specific volume of refrigerant at the entrance of compressor vk: 
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in which n is the rotational speed of compressor, in rev/min and ck is provided by the 

compressor manufacturer as a constant. 

The input power of compressor Pk, in kW can be calculated by the following equation: 
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where: hdis is the enthalpy at the compressor discharge, in kJ/kg; hsuc is the enthalpy at the 

compressor suction, in kJ/kg; k is the shaft efficiency of compressor. 

Model of the electronic expansion valve. Under steady working condition, the refrigerant 

mass flow rate of the electronic expansion valve mev, in kg/s can be calculated using equation: 
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where: Cev is the flow coefficient of electronic expansion valve; Aev is the circulation area of 

expansion valve, in m2; i is the refrigerant density, in kg/ 

m3 at the expansion valve inlet; pi and po are the pressures, in Pa, at the expansion valve inlet 

and the expansion valve outlet, respectively. 

Model of the solar collection unit. For an evacuated tube collector of the solar collection 

unit (type BTZ22), the instantaneous efficiency of collector c can be obtained [15]: 
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where: ti is the hot water temperature inside collector tube, in K; ta is the ambient temperature, 

in K; IT is the solar radiation intensity, in W/m2. 

 

Table 1. The main parameters of compressor 

 

Type Refrigerant Output power 

(W) 

Displacement 

(ml/rev) 

Range of 

frequency 

(Hz) 

Cooling 

capacity 

(W) 

Input 

power 

(W) 

COP 

() 

THS20MC6-Y R22 2300 30.4 15-110 8150/ 

9900 

2580/ 

3190 

3.16/ 

3.1 

 

Table 2. The parameters of shell and tube heat exchanger 

 

Type Shell 

diameter 

(mm) 

Pipe 

diameter 

(mm) 

Effective length 

of single pipe 

(mm) 

Pipe 

number 

Arrangement  

of pipes 

Tube 

pitch 

(mm) 

Number of 

passes 

THS20MC6-Y 168  6 12  0.7 700 68 Triangular 

distribution 

16 4 

 

Table 3. The parameters of finned tube heat exchanger 

 

Pipe 

diameter 

Effective length of 

single pipe (m) 

Pipe 

number 

Circuit 

number 

Pipe 

spacing 

(mm) 

Front face 

area (m2) 

Thickness 

of fin (mm) 

Fin 

spacing(mm) 

11  0.5 1.8 28  2 8 25 1.8  0.72 0.2 1.90 

 

Validation of the mathematical model. To validate the mathematical model of the system, 

an ASHP unit was developed. The compressor of the unit was a frequency conversion rotary 

compressor, type THS20MC6-Y, and the compressor frequency can be adjusted from 15 to 

110 Hz by a general frequency converter, the main parameters of the compressor are shown in 

Table 1. 

The condenser of the unit was RER-20 type, whose main parameters are shown in Table 

2 in detail. The shape of the evaporator of the unit was U-shaped with flat fin, and the row 

number was 2. The main parameters of the evaporator are shown in Table 3. 
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The layout of measuring spots is shown in Figure 9. The temperature was measured by 

the platinum-resistance temperature sensors with an accuracy of 0.1C and the measuring 

range from −50 to 150C. The measuring range of the pressure sensors was from 0 to 2.5 

MPa with an accuracy of 0.25%. The water flow rate was measured by the turbine flow 

meter, type LWY-15C, with an accuracy of 1% and the measuring range 0 to 6 m3/h. The 

power of the compressor was measured by the power meter type WT230, with an accuracy of 

0.1%. All the data for every spot were collected in real-time by a data collector Agilent model 

34970a. 

To get a steady experimental environment for the unit, the unit was placed in an 

environmental chamber as shown in Figure 10, which was used to obtain constant 

temperature and relative humidity of the air. The air temperature could be manually adjusted 

from −5 to 43C with an accuracy of 0.2C and the air relative humidity could be adjusted 

from 5 to 95% with an accuracy of 2%. 

The simulations and tests of the unit have been done under the ambient temperature of 

7C, the return water temperature twr of the ASHP of 40C and a variety of the output water 

temperature two of the ASHP. Figure 11 shows the effect of two on the relative COP of the 

ASHP, which took the COP of ASHP under the rated condition as a benchmark. In this 

figure, it can be seen that the variation trend of the simulation results is in good agreement 

with the experimental data, and the maximum deviation is less than 8%. 
 

 
Figure 10. Schematic of the environmental chamber. 
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Figure 11. Effect of two on the COP of air-source heat pump. 

 

Figure 12. Schematics of different ground-source heat pumps. 

 

3.7. Ground-Source Heat Pump Systems 
 

Recently, the ground-source heat pump (GSHP) system has attracted more and more 

attention due to its superiority of high energy efficiency and environmental friendliness [13, 

16, 17]. A GSHP system includes three principle components: (1) a ground connection 

subsystem, (2) HP subsystem, and (3) heat distribution subsystem. 

The GSHPs comprise a wide variety of systems that may use ground-water, ground, or 

surface water as heat sources or sinks. These systems have been basically grouped into three 

categories by ASHRAE [18]: (1) ground-water heat pump (GWHP) systems, (2) surface-

water heat pump (SWHP) systems, and (3) ground-coupled heat pump (GCHP) systems. The 

schematics of these different systems are shown in Figure 12. Many parallel terms exist: 

geothermal heat pump (GHP), earth energy system (EES), and ground-source system (GSS). 

The GWHP system, which utilises ground-water as heat source or sink, has some marked 

advantages including low initial cost and minimal requirement for ground surface area over 

other GSHP systems [19]. However, a number of factors seriously restrict the wide 
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application of the GWHP systems, such as the limited availability of ground-water and the 

high maintenance cost due to fouling corrosion in pipes and equipment. In a SWHP system, 

heat rejection/extraction is accomplished by the circulating working fluid through high-

density polyethylene (HDPE) pipes positioned at an adequate depth within a lake, pond, 

reservoir, or the suitable open channels. The major disadvantage of the system is that the 

surface water temperature is more affected by weather condition, especially winter. 

Among the various GSHP systems, the vertical GCHP system has attracted the greatest 

interest in research field and practical engineering. Several literature reviews on the GCHP 

technology have been reported [20, 21]. 

In a GCHP system, heat is extracted from or rejected to the ground via a closed-loop, i.e., 

ground heat exchanger (GHE), through which pure water or antifreeze fluid circulates. The 

GHEs commonly used in the GCHP systems typically consist of HDPE pipes which are 

installed in either vertical boreholes (called vertical GHE) or horizontal trenches (horizontal 

GHE). In direct expansion systems, the heat stored in the ground is absorbed directly by the 

working fluid (refrigerant). This results in an increased COP. Horizontal GHEs are mainly 

used with this system. 

The GSHPs work best with heating systems, which are optimised to operate at lower 

water temperature than radiator and radiant panel systems (floor, wall and ceiling). GSHPs 

have the potential to reduce cooling energy by 30-50% and reduce heating energy by 20-40% 

[22]. The GSHPs tend to be more cost-effective than conventional systems in the following 

applications: 

 

 in new construction where the technology is relatively easy to incorporate, or to 

replace an existing system at the end of its useful life; 

 in climates characterised by high daily temperature swings, or where winters are cold 

or summers hot, and where electricity cost is higher than average; 

 in areas where natural gas is unavailable or where the cost is higher than electricity. 

 

3.7.1. Description of SWHP Systems 

Surface water bodies can be very good heat source and sinks, if properly used. The 

maximum density of water occurs at 4.0C, not at the freezing point of 0C. This 

phenomenon, in combination with the normal modes of heat transfer to and from takes, 

produces temperature profile advantageous to efficient HP operation. In some cases, lakes can 

be the very best water supply for cooling. Various water circulation systems are possible and 

several of the more common are presented next. 

In a closed-loop system, a water-to-air HP is linked to a submerged coil. Heat is 

exchanged to or from the lake by the refrigerant circulating inside the coil. The HP transfers 

heat to or from the air in the building. 

In an open-loop system, water is pumped from the lake through a heat exchanger and 

returned to the lake some distance from the point at which it was removed. The pump can be 

located either slightly above or submerged below the lake water level. For HP operation in the 

heating mode, this type is restricted to warmer climates. Entering lake water temperature must 

remain above 5.5C to prevent freezing. 

Thermal stratification of water often keeps large quantities of cold water undisturbed near 

the bottom of deep lakes. This water is cold enough to adequately cool buildings by simply 
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being circulated through heat exchangers. A HP is not needed for cooling, and energy use is 

substantially reduced. Closed-loop coils may also be used in colder lakes. Heating can be 

provided by a separate source or with HPs in the heating mode. Pre-cooling or supplemental 

total cooling are also permitted when water temperature is between 10 and 15C. 

Advantages of closed-loop SWHPs are (i) relatively low cost because of reduced 

excavation costs, (ii) low pumping energy requirements, and (iii) low operating cost. 

Disadvantages are (i) the possibility of coil damage in public lakes and (ii) wide variation in 

water temperature with outdoor conditions. 

 

3.7.2. Description of GWHP Systems 

A GWHP system removes ground-water from a well and delivers it to an HP (or an 

intermediate heat exchanger) to serve as a heat source or sink [9]. Both unitary and central 

plant designs are used. In the unitary type, a large number of small water-to-air HPs is 

distributed throughout the building. The central plant uses one or a small number of large-

capacity chillers supplying hot and chilled water to a two- or four-pipe distribution system. 

The unitary approach is more common and tends to be more energy efficient. 

Direct systems (in which ground-water is pumped directly to the HP without an 

intermediate heat exchanger) are not recommended except on the very smallest installations. 

Although some installations of this system have been successful, others have had serious 

difficulty even with ground-water of apparently benign chemistry. The specific components 

for handling ground-water are similar. The primary items include (i) wells (supply and, if 

required, injection), (ii) a well pump (usually submerged), and (iii) a ground-water heat 

exchanger. The use of a submerged pump avoids the possibility of introducing air or oxygen 

into the system. A back-washable filter should also be installed. The injection well should be 

located from 10 to 15 m in the downstream direction of the ground-water flow. 

In an open-loop system, the intermediate heat exchanger between the refrigerant and the 

ground-water is subject to fouling, corrosion, and blockage. The required flow rate through 

the intermediate heat exchanger is typically between 0.027 and 0.054 l/s. The ground-water 

must either be reinjected into the ground by separate wells or discharged to a surface system 

such as a river or lake. To avoid damage due to corrosion, the conductivity of the water 

should not exceed 450 micro Siemens per cm. 

The drill diameter should be at least 220 mm (larger for sandy conditions to prevent sand 

entry). Figure 13 shows the construction of a drilled-well. 

The ground-water flow rate G, in m3/s, must be capable of delivering the full capacity 

required from the heat source. This depends on the evaporator cooling power Qe, in W, and 

the water cooling degree and is given by the following equation: 
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in which w is the water density, in kg/m3; cw is the specific heat of water, in J/ 

(kgK); and twi and twe are the water temperatures, in K, at the HP inlet and the HP outlet, 

respectively. 
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The values of the flow rate for each HP model are usually provided in the manufacturer’s 

data sheets. Table 4 summarises the calculated COP values of GWHP and SWHP systems, 

operating as water-to-water heat pumps. 

 

 

Figure 13. Drilled-well construction. 

 

Table 4. The COP of water-to-water GWHP and SWHP systems 

 

Water temperature at 

evaporator inlet ts (C) 

Water temperature at condenser outlet, tu (C) 

30 35 40 45 50 

5 4.55 4.10 3.70 3.40 3.15 

10 5.30 4.65 4.15 3.75 3.45 

15 6.25 5.35 4.70 4.20 3.85 

20 7.70 6.35 5.45 4.80 4.30 

25 9.95 7.80 6.45 5.55 4.85 

30 14.10 10.10 7.95 6.55 5.60 

 

The installation of a GWHP that uses a safety refrigerant is possible in any space that is 

both dry and protected from freezing temperatures. The system should be installed on an 

even, flat surface and the construction of a free-standing base is recommended. The 

placement of the unit should be such that servicing and maintenance are possible. Generally, 

only flexible connections to the HP should be implemented. 

 

3.7.3. Description of GCHP Systems 

The ground serves as an ideal heat source for monovalent heat pump systems. The GCHP 

is a subset of the GSHP and is often called a closed-loop HP. A GCHP system consists of a 

reversible vapour-compression cycle that is linked to a GHE buried in the soil (Figure 12). 
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The heat transfer medium, an antifreeze solution (brine), is circulated through the GHE 

(collector or loop) and the HP by an antifreeze solution pump. The GHE size needs to take 

into account the total annual heating demand, which, for domestic heating operation, is 

typically between 1700 and 2300 h in central Europe. 

Types of horizontal GHEs. Horizontal GHEs can be divided into at least three subgroups: 

single-pipe, multiple-pipe, and spiral. Single-pipe horizontal GHEs consist of a series of 

parallel pipe arrangements laid out in trenches. Typical installation depths in Europe vary 

from 0.8 to 1.5 m. Consideration should be given to the local frost depth and the extent of 

snow cover in winter. Horizontal GHEs are usually the most cost-effective when adequate 

yard space is available and the trenches are easy to dig. Antifreeze fluid runs through the 

pipes in a closed system. The values of the specific extraction/rejection power qE for ground 

[23] are given in Table 5. For a specific power of extraction/rejection qE, the required ground 

area A can be obtained as follows [24]: 

 

E

e

q

Q
A 

   (41) 

 

where Qe = QhpPel is the cooling power HP. 

The values of the cooling power for each HP model are usually provided in the 

manufacturer’s data sheets. 

To save required ground area, some special GHEs have been developed [25]. Multiple 

pipes (two, four, or six), placed in a single trench, can reduce the amount of required ground 

area. The trench collector is vilely used in North America, and less in Europe. 

The spiral loop (Figure 14) is reported to further reduce the required ground area. This 

consists of pipe unrolled in circular loops in trenches with a horizontal configuration. For the 

horizontal spiral loop layout, the trenches are generally a depth of 0.9-1.8 m. The distance 

between coil tubes is of 0.6-1.2 m. The length of collector pipe is of 125 m per loop (up to 

200 m). The ends of parallel coils 1 are arranged by a manifold-collector 2 in a heart 3, and 

then the antifreeze fluid is transported by main pipes 4 at HP. For the trench collector, a 

number of pipes with small diameters are attached to the steeply inclined walls of a trench 

several metres deep. 

Horizontal ground loops are the easiest to install while a building is under construction. 

However, new types of digging equipment allow horizontal boring, thus making it possible to 

retrofit such systems into existing houses with minimal disturbance of the topsoil and even 

allowing loops to be installed under existing buildings or driveways. 

 

Table 5. Specific extraction power for ground 

 

No. Type of ground qE (W/m2) 

1 Dry sandy 10-15 

2 Moist sandy 15-20 

3 Dry clay 20-25 

4 Moist clay 25-30 

5 Ground with ground-water 30-35 
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Figure 14. Spiral ground coil. 

For all horizontal GHEs in heating-only mode, the main thermal recharge is provided by 

the solar radiation falling on the earth’s surface. Therefore, it is important not to cover the 

surface above the ground heat collector. 

Disadvantages of the horizontal systems are: (i) these systems are more affected by 

ambient air temperature fluctuations because of their proximity to the ground surface, and (ii) 

the installation of the horizontal systems needs much more ground area than vertical system. 

Types of vertical GHEs. There are two basic types of vertical GHEs or borehole heat 

exchangers (BHE): U-tube and concentric- (coaxial-) tube system configurations (Figure 15). 

BHEs are widely used when there is a need to install sufficient heat exchanger capacity under 

a confined surface area, such as when the earth is rocky close to the surface, or where 

minimum disruption of the landscape is desired. 

The U-tube vertical GHE may include one, tens, or even hundreds of boreholes, each 

containing single or double U-tubes through which heat exchange fluid are circulated. Typical 

U-tubes have a nominal diameter in the range of 20-40 mm and each borehole is normally 20-

200 m deep with a diameter ranging from 100 to 200 mm. Concentric pipes, either in a very 

simple method with two straight pipes of different diameters or in complex configurations, 

are commonly used in Europe. The borehole annulus is generally backfilled with some special 

material (grout) that can prevent contamination of ground-water. 

Geological analysis should be completed before drilling to give an indication of the 

underground layers and an exact collection capacity. The drilling and the insertion of the loop 

pipe should be completed by a specialised and licensed drilling company. The hole will be 

refilled and the tubing secured according to industry standard and should include proper 

sealing in the case of ground-water. 

A typical borehole with a single U-tube is illustrated in Figure 16. The required borehole 

length L can be calculated by the following steady-state heat transfer equation [18]: 
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where: q is the heat transfer rate, in kW; tg is the ground temperature, in K; tf is the heat 

carrier fluid (i.e., antifreeze, refrigerant) temperature, in K; Rg is the effective thermal 

resistance of ground per unit length, in (mK)/kW. 

 

 

Figure 15. Common vertical GHE designs. 

 

Figure 16. Schematic of a vertical grouted borehole. 

The GHE usually are designed for the worst conditions by considering that the need to 

handle three consecutive thermal pulses of various magnitude and duration: yearly average 

ground load qa for 20 years, the highest monthly ground load qm for 1 month, and the peak 

hourly load qh for 6 h. The required borehole length to exchange heat at these conditions is 

given by [26]: 
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where: Rb is the effective borehole thermal resistance; R20a, R1m, R6h are the effective ground 

thermal resistances for 20-years, 1-month, and 6-h thermal pulses; Δtg is the increase of 

temperature because of the long-term interference effect between the borehole and the 

adjacent boreholes. 

The effective ground thermal resistance depends mainly on the ground thermal 

conductivity and, to a lesser extent, on the borehole diameter and the ground thermal 

diffusivity. Alternative methods of computing the thermal borehole resistance are presented 

by Bernier [26] and Hellström [27]. 

The antifreeze solution (brine) circulation loop normally consists of the following 

components: collector pipes, manifold, vent, circulation pump, expansion vessel, safety valve, 

insulation or condensate drainage, and flexible connections to the HP unit (closed system). 

All of the components should be corrosion-free materials and should be insulated with closed 

cell insulation in the heating space to prevent condensation. 

The piping should be sized such that the fluid velocity does not exceed 0.8 m/s. The 

antifreeze mass flow rate must be capable of transporting the full thermal capacity required 

from the heat source. The mass flow rate mb, in kg/s, is given by: 
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where Qe is the cooling power of HP, in kW; cb is the specific heat of antifreeze, in kJ/(kgK); 

and t is the temperature difference, in K (e.g., 3 K). 

The ground loop circulation pump must be sized to achieve the minimum flow rate 

through the HP. 

The nominal volume VN of the diaphragm expansion vessel, in litres, for the antifreeze 

solution circulation loop can be calculated as: 
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where psi is the safety valve purge pressure, equal to 0.3 MPa; pst is the nitrogen preliminary 

pressure (0.05 MPa);  is the thermal expansion coefficient ( = 0.01 for Tyfocor); and VT is 

the total volume of the system (heat exchanger, inlet duct, HP), in l. 

The installation of a GCHP that uses a safety refrigerant is possible in any space that is 

both dry and protected from freezing temperatures. The system should be installed on an 

even, horizontal surface, and the construction of a free-standing base is recommended. The 

placement of the unit should be such that servicing and maintenance are possible. Generally, 

only flexible connections to the HP should be implemented. 

Advantages of the vertical GCHP are that it (i) requires relatively small ground area, (ii) 

is in contact with soil that varies very little in temperature and thermal properties, (iii) 

requires the smallest amount of pipe and pumping energy, and (iv) can yield the most 

efficient GCHP system performance. Disadvantage is a higher cost because of the expensive 

equipment needed to drill the borehole. 
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Simulation models of GHEs. The main objective of the GHE thermal analysis is to 

determine the temperature of the heat carried fluid, which is circulated in the U-tube and the 

HP, under certain operating conditions. Actually, the heat transfer process in a GHE involves 

a number of uncertain factors, such as the ground thermal properties, the ground-water flow 

rate and building loads over a long lifespan of several or even tens of years. In this case, the 

heat transfer process is rather complicated and must be treated, on the whole, as a transient 

one. In view of the complication of this problem and its long time scale, the heat transfer 

process may usually be analysed in two separated regions. One is the solid soil/rock outside 

the borehole, where the heat conduction musty be treated as a transient process. Another 

sector often segregated for analysis is the region inside the borehole, including the grout, the 

U-tube pipes and the circulating fluid inside the pipes. This region is sometime analysed as 

being steady-state and sometime analysed as being transient. The analyses on the two spatial 

regions are interlinked on the borehole wall. The heat transfer models for the two separate 

regions and computer programs for GCHP design/simulation are discussed in [10, 13]. 

 

3.7.4. Solar Thermal Energy as a Heat Source for GSHPs 

Figure 17 shows a system configuration that combines a solar thermal system with a 

GCHP. The solar thermal system charges a DHW storage tank that – whenever required – is 

also heated by the HP. In this example the space heating is directly and exclusively provided 

by the HP, i.e., without a heat storage tank. 

 

 

Figure 17. Schematic of a GCHP with a FPC connected to the DHW storage tank. 

It is important that the HP control system prioritises the solar heat generation. The high 

seasonal performance factor (SPF) of the solar thermal system means that the electrical 

energy requirement lowers and the system efficiency increases. The improvement in 

efficiency and the operational cost savings depend on many parameters such as the solar 

irradiance, the type of main components and their sizing. With systems that use GSHPs, the 

solar thermal system reduces the heat absorbed from the ground in summer. 

Figure 18 shows a system with a GCHP that incorporates unglazed collectors to provide 

heat cost-effective at a low temperature level. The solar heat is exclusively injected on the 

source side. The solar thermal energy stored in summer can be used for regenerating the 

ground. This stabilises the heat source against any possible, unforeseeable increases in the 

heat removed and (slightly) increases the heat source temperature of the HP. 
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HP with schematic diagram in Figure 19 operates in monovalent regime and extracts the 

heat absorbed by HTF (antifreeze solution) in the solar collector ensuring the heating and 

DHW production for a building. 

In winter the internal temperature of latent heat storage can be decreased to values in the 

range -4.8  +7C with the ice forming because the absence of solar radiation and the heat 

extraction by HP, and the ground temperature can be have the values of +1 to +9C. In this 

situation a heat rush appears from ground to storage producing the ice melting. 

In summer, in latent heat storage can be reashed higher temperatures in the range +25  

+40C due the solar heat gain. In this case the ground is heated and thermal flux is directed 

from the storage to the surrounding ground layers more cool (+18  +22C). The fluid used 

for the phase change in storage is the water. 

 

 

Figure 18. Schematic of a GCHP with an unglazed solar collector that feeds solar heat to the ground or 

directly to HP. 

 
1-HP; 2-solar collector; 3-latent heat storage; 4-DHW tank; 5-heating circuit; 6-circulating pump. 

Figure 19. Schematic of a heating and DHW system with HP and latent heat storage burried in ground. 
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4. SOLAR-ASSISTED ABSORPTION HEAT PUMPS 
 

4.1. Operation Principle 
 

Absorption is the process by which a substance changes from one state into a different 

state. It requires very low or no electric input. Absorption HPs are thermally driven. The 

schematic diagram of a solar-assisted absorption HP system is shown in Figure 20. The basic 

components of a absorption HP system are the generator G, absorber Ab, condenser C, 

evaporator E, expansion valve EV, and a solution pump P. The generator (desorber) G 

receives heat Qg from the solar collector SC to regenerate the absorbent that has absorbed the 

refrigerant in the absorber. To ensure continuous operation and reliability of the system, a hot 

water storage tank (ST) is used. The extra thermal energy separates the refrigerant vapour 

from the rich solution with concentration r. The refrigerant vapour, with higher concentration 

“ (“  1), generated in this process are condensed in the condenser C, rejecting the 

condensation heat Qc to a carried fluid (e.g., water, air, etc.), and then laminated in expansion 

valve EV1. The regenerated absorbent from the generator (weak solution with concentration 

w) is sent back to the absorber Ab, where the absorbent-rich solution absorbs the refrigerant 

vapour from the evaporator E, rejecting the sorption heat Qa to carried fluid. During this 

process, the absorber is cooled to keep its pressure at a low level. Then, the solution pump 

increases the pressure of the refrigerant/absorbent mixture (rich solution) to the high pressure 

level. The solution pump’s electrical power requirement is much less than that of the 

compressors in the vapour-compression systems. In the evaporator, the liquefied refrigerant 

from the condenser evaporates, removing the heat Qe from the cooling load. Most common 

working pairs are NH3/H2O and H2O/LiBr. 

Along with the basic components, certain heat recovery components are added to the 

absorption HP system to increase its COP. These heat recovery components are a solution 

heat exchanger (SHX) and a refrigerant pre-cooler (PC). Also, additional refrigerant 

rectification equipment such as a rectifier and a dephlegmator is added in the design to rectify 

the refrigerant vapour in the case of a volatile absorbent. Rectification equipment is added to 

restrict the volatile absorbent (water) within the generator and absorber, thus preventing it 

from entering into the evaporator. 

 

 

4.2. Thermodynamic Cycle 
 

In a theoretical absorption cycle, the pressure losses are negleted and it is assumed that 

the generator pressure pG is equal to the condenser temperature pc (i.e., pG = pc) and also the 

absorber pressure pab is equal to the evaporator pressure pe (i.e., pab = pe). Therefore, the HP 

system has two pressures: higher pressure pc (full line) and lower pressure pe (locked line) 

(Figure 20). To simplify the thermodynamic analysis of the system processes a common 

temperature for providing the heat by HP condenser (tc) and absorber (tab) is considered. 
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Figure 20. Schematic of a solar absorption heat pump system. 

 

Figure 21. Absorption processes in h- diagram. 

The concentration  of the refrigerant into binary solution is defined as a ratio between 

the refrigerant mass and the mixture mass: 

 

    (46) 

 

where Mrf is the refrigerant mass and Mab is the absorbent mass. The operational processes are 

illustrated in Figure 21 for an absorption HP system working with NH3/H2O pairs. 

The cooling power Qe, in kW, the heat load at condensation Qc, in kW, the absorber 

thermal power Qab, in kW, the generator thermal power Qg, in kW, and the circulation factor f 
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are calculated for previously presented processes using following thermal balance equations 

applied for E, C, Ab and G [28]: 
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and the masic balance equation applied for G: 
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where: D is the mass flow rate of NH3 vapour, in kg/s; F is the mass flow rate of rich solution 

(NH3/H2O) , in kg/s; h is the specific enthalpy, in kJ/kg; “ is the NH3 vapour concentration; 

r is the concentration of rich solution; w is the concentration of weak solution. 

Thermal power (capacity) of heat pump Qhp, in kW, is expressed as: 
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4.3. Energy Performance 
 

Because the electrical power consumed by solution pump is negligible, in the heating 

operate mode the COP of HP is defined as: 
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where Qhp is the thermal power of HP, in kW, and Qg is the thermal power of generator, in 

kW. 

The overall eficiency of the solar absorption HP system (COPsys) or the instantaneous 

solar coefficient of performance (COPsol) is obtained from following equation: 
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where Qs is the solar power received by the solar collector surface. 

In the cooling mode, the energy efficiency ratio (EER) is analogous to the COP but 

describes the cooling performance. The EERhp, in Btu/(Wh) is defined as: 
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where: Qe is the cooling power of HP, in British Thermal Unit per hour (Btu/ 

h), and Qg is the thermal power of generator, in W. 

The coefficient of performance of an absorption HP in cooling mode is obtained by 

Equation (14). 

 

 

5. PERFORMANCE SIMULATION OF AN EXPERIMENTAL  

SOLAR-ASSISTED ABSORPTION GCHP IN COOLING OPERATION 
 

The studies of solar absorption cooling systems integrated with geothermal energy 

through ground-coupled heat pump (GCHP) are really scarce. The purpose of this study is to 

analyse some of the influence parameters on the energy efficiency of a solar-assisted 

absorption GCHP in its cooling mode operation [29]. 

 

 

5.1. Experimental Plant 
 

The experimental plant is located in Valladolid, Spain (4131’09” N, 443 

‘03” W) in a tertiary-use building that has an area of 1200 m2, a location with a continental 

Mediterranean climate. The building is occupied only on weekdays (Monday-Friday) from 

7:00 to 15:00. In summer it is cooled by a radiant floor system [29]. 

Figure 22 shows the experimental installation setup. It consists of absorption H2O/LiBr 

HP (Thermax LT1) thermally driven by a solar collector array and by a natural gas-fired 

condensing boiler as support in times of low solar radiation. The HP is coupled to the ground 

through a closed loop geothermal system. For the cooling operation in summer time the 

evaporator is connected to the radiant floor system of the building and the condenser 

exchanges heat with the geothermal system. The main characteristics of the experimental 

plant are summarised in Table 6. 

The absorption HP generator is powered by an 84 m2 solar array with heat pipe 

technology (Vitosol 300) and a high efficiency natural gas-fired condensing boiler (Viessman, 

Vitocrossal 300). Generator arrangement is complemented with a system of 8 m3 of thermal 

accumulation by water, distributed in four tanks of 2 m3 each. The storage was designed 

through a set of valves and pipes connections that allows different configurations (one, two, 

three or four in series, two by two in parallel, etc.). Because of the use of glycol in the solar 

circuit, there is a heat exchanger to separate this primary circuit from the secondary circuit 

which goes up to the generator. Pumps, for both primary and secondary circuit, have variable 
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speed drives in order to implement different control strategies for the reduction of electrical 

energy demand. 

In summer operation the nominal 35 kW evaporator is connected to the radiant floor 

cooling system of the building. The nominal 80 kW condenser exchanges heat with the closed 

loop geothermal system which consists in 12 boreholes (100 meach) grouped in three blocks 

of four tubes. The first group has 2 simple and 2 double probes. The second group has 4 tubes 

with different fillings. The third group has 2 double and two high turbu-lence probes. To 

avoid sudden changes in the operation of the system, the condenser and evaporator of the 

absorption HP are connected to two storage tanks of 2 m3 each capacity. 

 

 

Figure 22. Schematic of the experimental setup. 

Table 6. Main characteristics of the experimental plant 

 

Variable Value Unit 

1. Building 

Area 1200 m2 

2. Absorption chiller (LiBr/H2O Thermax LT1 single-effect) 

Nominal cooling capacity 35 kW 

COP nominal 0.70  

3. Solar array 

Heat pipe collector (Vitosol 300) 84 m2 

Flow rate of the primary circuit 5.5 m3/h 

Flow rate of the secundary circuit 4.0 m3/h 

Storage volume 8.0 m3 

4. Geothermal heat exchanger (Mouvitech collector PEN 32  3.0) 

Number of boreholes 12  

Depth borehole 100 m 

Center to center half distance 0.0254 m 

5. Radiant floor 

Area 1000 m2 

Pipe spacing (center to center) 0.25 m 

Pipe outside diameter 0.016 m 
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The installation has a complete instrumentation which provides instantaneous 

information on its actual behaviour. The monitoring system consists mainly of temperature 

probes and flow meters located in the main five water circuits of the installation: the three 

circuits that enter the absorption GCHP (generator, condenser and evaporator), the radiant 

floor circuit and the geothermal circuit. 

The temperature sensors are TAC 100-100 with an accuracy of 1.3C. Six temperature 

probes are located at the inlet and outlet of the three water circuits that exchanges energy with 

the GCHP:generator (tg,i, tg,o), condenser (tc,i, tc,o) and evaporator(te,i, te,o). Two temperature 

probes measure inlet and outlet temperature of the radiant floor circuit (tf,i, tf,o) and two more 

temperature probes measure inlet and outlet temperature of the ground heat exchanger (GHE) 

(tGHE,i, tGHE,o). Furthermore, there is an electromagnetic flow meter (ABB FXE4000, model 

DE43F) in each one of these circuits, which allows to measure the water flow rate that goes 

through the circuits connected to the generator (mg) to the evaporator (me), to the condenser 

(mc), to the radiant floor (mf), and to the GHE (mGHE), with an accuracy of 0.5% of the 

measured value. 

 

 

5.2. Development and Validation of the Simulation Model 
 

A model of the experimental plant described above has been implemented with TRNSYS 

[30] to evaluate the plant its performances for different operating parameters. 

 

5.2.1. TRNSYS Model 

TRNSYS is a transient system simulation program with a modular structure that was 

designed to solve complex energy systems problems by breaking the problem down into a 

series of smaller components known as Types. Figure 23 depicts the TRNSYS model scheme 

developed to simulate the experimental plant. 

Type 107 was used to simulate the performance of the Thermax LT1 absorption chiller, 

and Type 71 was used to simulate the solar collectors of the solar array. Since standard 

efficiency curves are calculated for a single solar collector in clear days, at normal sun 

incidence and nominal flow rate of the water, a few correction factors are introduced int he 

model, in order to account for series connection, clouds, etc. 

The natural gas fired boiler used as auxiliary heater is represented by Type 700 in 

TRNSYS library. The boiler is activated only when its upstream water temperature is lower 

than a fixed set-point. 

A vertical GHE model must analyse the thermal interaction between the duct system and 

the ground, including the local thermal process around a pipe and the global thermal process 

through the storage and the surrounding ground. GHE has been modeled using the known as 

‘duct ground heat storage model.’ This model assumes that the boreholes areplaced uniformly 

within a cylindrical storage volume of ground. There is convective heat transfer within the 

pipes, and conductive heat transfer to the storage volume. Also U-tube pipe parameters 

correspond to the properties of polyethylene pipes DN 32 mm PE100. Type 4 is used to 

simulate the thermal energy storage tanks. Simulation is based on the assumption that the  



 

 

Figure 23. Scheme of the TRNSYS model of the experimental plant. 
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tanks can be divided into N fully-mixed equal sub-volumes. The tanks are also equipped with 

a pressure relief valve, in order to account for boiling effects. The model takes into account 

the energy released by the fluid flowing through the valve, whereas the corresponding loss of 

mass is neglected. The temperatures of the N nodes are calculated on the basis of unsteady 

energy and mass balances. 

For the radiant floor cooling system in the building, Type 56 component was used in the 

model. Building was simulated using TRNBuild interface taking into account internal gains 

by occupancy and working hours. 

 

5.2.2. Control Strategy 

The control strategy that has been developed for the summer operation simulation may be 

separated in four principal components, each one with its own conditions. 

 

 Solar array. The solar field consists of three elements: solar collectors, pri-mary 

pump and heat exchanger. The primary pump will switch onbetween 9:00 and 20:00 

h every day, the secondary pump has twoconditions that it has to carry out before 

switch on: first conditionis that primary pump is switched on, and second condition is 

thatthe outlet temperature of the solar collectors is above the solar array storage tanks 

temperature. 

 Absorption HP. The control for the switch on of the absorption heat pump has to 

achieve three simultaneous conditions: 

 

Schedule: As it was said before the building is occupied between Monday and Friday 

from 7:00 to 15:00, so the HP only operates in these days. 

Solar conditions: In this simulation the installation only operates with solar energy, 

without the boiler back up. The solar condition is that temperature of storage tank is above the 

set-point generator temperature. 

Demand condition: HP is only in operation when evaporator storage tank temperature is 

between 8 and 15C. 

 

 GHE. The control for the switch on of the pump of the GHE has to fulfill two 

conditions: that absorption HP is in operation and that the temperature of the 

condenser storage tank is above the condenser set-point temperature. 

 Radiant floor. The control for the switch on of the pump of the radiant floor circuit 

has to obey two conditions: the building occupancy schedule and the temperature of 

the evaporator storage tank being between 10 and 15C. 

 

5.2.3. Model Validation 

A comparison between measured energy flows of the experimental plant and its 

predictions from the TRNSYS model described above is used to validate the model. 

Experimental data were acquired during 13 days in the summer of 2011. Selected days 

were non-consecutive: five days were at the end of June, five in middle July and three more in 

different weeks of August. Experimental measurements were performed under real working 

conditions, during working hours in the office building, and for a continuous operation time 

of 4-5 h each day. Temperature and mass flow rate data were acquired in 5 min intervals. 
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The inlet and outlet temperatures (ti, to) measured for the water circuits connected with 

generator, condenser and evaporator of the HP, for the whole operation time  and the mass 

flow rate m for each one of these circuits allows to calculate, using Equation (57), the thermal 

energy Q, in kWh, to or from generator, condenser and evaporator. The same stands for the 

GHE circuit and the radiant floor: 

 

 )( oip ttmcQ
    (57) 

 

where cp is the specific heat at constant pressure, in kJ/(kgK). 

 

Table 7. Comparison between experimental and simulated data of energy transferred in 

the installation 

 

Specification Qg (kWh) Qc (kWh) Qe (kWh) QGHE (kWh) Qf (kWh) COPhp () 

Measured data 1965.5 2601.7 662.5 2558.5 647.5 0.34 

Simulation 2195.9 3020.3 742.2 2944.4 666.8 0.34 

Deviation (%) 10.5 13.9 10.7 13.1 2.9 0.30 

 

Energy flows for each element (generator, condenser, evaporator, GHE and radiant floor) 

were summed for the whole operation time () in the 13 days selected for model validation. 

Results were compared with those obtained with the TRNSYS model. A summary of the 

comparison is presented in Table 7. Deviation of the results provided by the model from the 

experimental data is within an acceptable limit, equivalent to other simulation results 

presented in literature for similar equipment [31]. 

 

 

5.3. Results 
 

Simulation was run for the summer operation period of the installation (from 1st June to 

30th September). 

Performance of the installation will be evaluated in terms of COP of the HP (COPhp), 

defined by Equation (58) and the overall efficiency of the solar cooling system COPsys 

defined by Equation (59): 
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in which: 
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where: Qe and Qg are the energy, in kWh, transferred to the evaporator and generator of the 

HP calculated by integrating numerically the respective heat flows; Qs is the solar energy, in 

kWh, captured by the solar array during the considered period of time; mp is the fluid flow 

rate through the solar array primary circuit in kg/s; cp is the antifreeze fluid (water-glycol) 

specific heat, kJ/(kgK); tc,i is the inlet temperature to the solar array, in C; tc,o is the outlet 

temperature to the solar array, in C;  is the time interval, in s. 

 

5.3.1. Influence of the Generator Temperature on System Performance 

The generator temperature working range for the HP, according to the manufacturer 

specifications, is from 75 to 90C. Simulation with TRNSYS model of the system were run 

for tg 76, 78, 80, 82, 84, 85 and 90C. The temperature at the inlet of condenser was fixed to 

28C which is the nominal value accordingto manufacturer. The temperature at the inlet of 

the evaporator was fixed to 15C as a design parameter. Figure 24 depicts graphically the 

influence of the generator temperature tg,i on the COPhp and on the COPsys. 

 

 

Figure 24. COPhp and COPsys depending on the generator temperature. 

The COPhp value has a very small increase from 0.23 to 0.24 when the generator 

temperature increases from 76 to 80C. For higher tg the COPhp increases more strongly with 

temperature, reaching a maximum value of 0.43 for tg of 90C. On the other hand, the COPsys 

remains near constant with a mean value of 0.135 for tg from 76 to 84C. For higher generator 

temperature, the COPsys starts to decrease when tg increases, reaching a minimum value of 

0.063 when tg is 90C. 

Results stands that the optimum working tg for the HP in terms of its best COPhp is not 

the best working temperature in terms of COPsys for the overall system. This deals with the 

fact that trying to reach higher temperatures for the tg in the solar field reduces the number of 

hours that the system is working. So the low COPhp for low generator temperatures is 
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compensated with the increasing number of hours that the system can work exclusively with 

solar energy for these low temperatures. 

 

5.3.2. Influence of the Condenser Temperature on System Performance 

The condenser temperature working range for the HP, according to the manufacturer 

specifications, is from 25 to 29C. Simulation with TRNSYS model of the installation were 

run for tc,i 25, 26, 27, 28 and 29C. The temperature at the inlet of generator was fixed to 

85C, which is the HP nominal value according to manufacturer. The temperature at the inlet 

of the evaporator was fixed to 15C as a design parameter. Figure 25 illustrates the influence 

of the condensation temperature tc on the COPhp and on the COPsys. 

 

 

Figure 25. COPhp and COPsys depending on the condenser temperature. 

As expected, Figure 25 shows that the lower the condensation temperature is the higher 

are the COPhp and the COPsys. If the temperature at the inlet of the condenser decreases from 

the nominal 28 to 25C, the COPsys increases from 0.13 to 0.17, and the COPhp increases from 

0.33 to 0.43, that is a 30% increase in both magnitudes. 

The COPsys for high temperatures at the condenser (tc,i 28 and 29°C) is near independent 

of the generator temperature when the tg is between 76 and 85C. Nevertheless for low 

temperatures at the condenser (tc,i 25 and 26C), the influence of the generator temperature is 

significant. For a condenser temperature of 25C the COPsys increases nearly by 40% when 

the tg decreases from 84 to 76C. 

 

 

CONCLUSION 
 

The use of heat pumps in modern buildings with improved thermal insulation and 

reduced thermal load is a good alternative to classical heating/cooling and DHW solutions. 

Heat pump provides the necessary technical conditions for efficient use of solar heat for 

heating and production of DHW. 
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Correct adaptation of the heat source and the heating system for operating mode of heat 

pumps, leads to safe and economic operation of the heating system using heat pumps. 

Heating systems with heat pumps produces minimum energy consumption in operation 

and are certainly a solution for energy optimisation of buildings. The heat pump mode 

requires some additional investments. If the capacity of the heat pump is selected larger than 

the condensing capacity in the pure cooling mode, also the additional capacity costs have to 

be covered by the savings in energy costs. 

A combined cooling and heating system with a solar-assisted heat pump is always more 

effective than a traditional system if its requirements are taken into the consideration in the 

design process. 
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