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Abstract 

This project aims to assess the technical, financial and environmental feasibility of 

using water source heat pumps to provide low-carbon heating for communities living 

on the Isle of Arran. The investigated technology was designed to function as an 

alternative solution to high power consumption electric heaters, or conventional fossil 

fuelled heating systems. The proposed community-owned system could increase the 

independence and resilience of involved communities, whilst decreasing fuel poverty 

rate in the area. 

The feasibility study concentrated on a small community in Blackwaterfoot with an 

annual heat demand of 496 MWh, which required a water source heat pump system 

with a capacity of 105 kW. The energy modelling process with a step of one hour 

resulted in a seasonal performance factor of 3.7 in one operational year. The rest of the 

demand was met by heat stored in a thermal storage tank with a capacity of 12,300 

litres, and a 15-kW backup immersion heater to ensure reliable heat supply all-year-

round.  

The hourly based supply-demand phase included renewable power generation through 

solar PVs that were evaluated as the most feasible solution regarding the 

Blackwaterfoot community. The PV system with a rated power output of 80 kW 

supplied more than 50% of heat pumpôs annual power consumption, whilst generating 

additional profit to the community. Government incentives, such as Feed-in-Tariff and 

Renewable Heat Incentive, were considered in the financial evaluation process. 

Finally, the established methodology was tested on a future off-grid community site, 

expected to be based next to Merkland Burn. This site was designed to harness 

hydropower potential for heat and power generation, whilst using surplus power for 

other purposes, such as alternative forms of transport. This procedure proved the 

applicability and flexibility of the water source heat pump technology even in small-

scale applications, while having vastly positive environmental and social impacts. 
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1. Introduction  

Scotland is one of the world leaders in terms of implementing renewable energy 

systems into their electricity network, which is heavily driven by national targets and 

policies. In 2016, the last Scottish coal-fired power station Longannet was officially 

closed, whilst 54% of gross electricity consumption was sourced from renewables, 

which is nearly three times greater than ten years ago (Scottish Government, 2017a). 

Furthermore, Scotland has set an ambitious target of meeting 100% electricity 

consumption from renewable sources by 2020.  

Although these electricity generation statistics and targets are remarkable milestones, 

non-renewable heat generation remains the main obstacle of moving towards a more 

sustainable, low carbon future. Heat generation is currently responsible for more than 

half of Scotlandôs total energy consumption, whereas only 5.5% of non-electrical heat 

demand was generated from renewable sources in 2015 (Scottish Government, 2017b). 

Unlike in the electricity sector, Scotland has one of the lowest percentages of renewable 

heat generation in the entire EU (Scottish Government, 2017b). Therefore, the 

implementation of low carbon heating systems is expected to increase rapidly in the 

upcoming years, which has also been confirmed in the draft Scottish Energy Strategy 

published in 2017. This enhancement of space and water heating technologies within 

the UK domestic and non-domestic sectors is crucial if the 2050 target of reducing 

greenhouse gas (GHG) emissions to 80%, compared to the 1990 levels, is to be met. 

One of the key players in the low carbon heating transition are water source heat pumps 

(WSHPs) that have gained momentum in recent years, especially due to numerous 

successful installations across the country. A new Code of Practice for surface water 

source heat pumps prepared by the Chartered Institution of Building Services Engineers 

(CIBSE) has been recently launched to boost uptake of this technology in the UK. The 

code is supported by the Department of Energy and Climate Change (DECC), and 

introduces the best practice procedure and the minimum requirements for the whole life 

of the system to meet ambitious national targets (CIBSE, 2016).  

The expansion of renewable heat generation should, however, not only ensure the 

reduction of emissions but also decrease fuel poverty, which remains a major issue 

especially in rural areas of Scotland. Thus, this project seeks to evaluate the feasibility 
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of using water source heat pumps supplied by renewable power generation for Scottish 

communities situated on the Isle of Arran. The island represents a typical rural location 

out with the national gas grid, which leads to an increased risk of fuel poverty due to 

the use of insufficient electric heaters and expensive fossil fuels that must be imported 

from the mainland.  
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1.1. Overall Aim and Objectives 

Scottish communities in rural areas often use non-renewable sources such as coal and 

kerosene to heat their dwellings, as they are not connected to the national gas network. 

Alternatively, electric heaters are installed in the houses which lead to expensive bills, 

therefore increased risk of fuel poverty. This project aims to assess the technical, 

financial and environmental feasibility of using water source heat pumps (supplied by 

renewable power generation) that could provide low carbon space heating and hot water 

for communities living on Scottish islands, particularly on the Isle of Arran. This 

technology could function as an alternative solution to fossil fuelled heating systems 

and/or high power consumption electric heaters, which could increase the independence 

and resilience of involved communities, whilst decreasing fuel poverty rate in the area. 

The key objectives of the individual project are following: 

1. Describe the function of both conventional and state of the art water source heat 

pumps. 

2. Include a brief overview of small-scale renewable power generation 

technologies with an emphasis on innovative systems and community owned 

schemes. 

3. Prepare a concise methodology that could be replicated in other communities 

situated on Scottish islands, mainland or even abroad. 

4. Establish the heat demand in the selected community and determine how it is 

currently being met. 

5. Establish potential renewable energy resources in the selected area. 

6. Design the system in computer based energy modelling programs. 

7. Discuss the technical, environmental and social feasibility of the proposed 

system and determine related barriers to deployment. 

8. Recommend the type and system design to the community on the island if 

evaluated as feasible. 

9. Study the potential applicability to a future off-grid site that could follow the 

established methodology to demonstrate its flexibility. 
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1.2. Overall Approach 

Since there are many low carbon heating systems that could be investigated, this project 

concentrates primarily on water source heat pumps. Therefore, the second chapter 

identifies fundamental principles of the technology, and describes the latest 

improvements and scientific findings. To ensure that real-world insight is provided, 

case studies from different countries are investigated. 

To guarantee that heating is provided from renewable sources, the possibility of small-

scale renewable power generation systems, to meet the required electricity consumption 

of the heat pumps, are to be part of the project. The third chapter includes a brief 

overview of micro hydropower and solar PV systems, whilst putting emphasis on the 

most recent innovations in the system design, as well as focusing on those schemes 

owned by local communities in Scotland.  

Design approach and software evaluation is the core of the fourth chapter that aims to 

find the best possible methods and tools for the analytical section. This should ensure 

that a wide range of options were taken into consideration before selecting the tools that 

were used to design the proposed system. As this project seeks to address a real-world 

problem, many different computer-based tools came into play to ensure the robustness 

of the recommended outcomes. 

The fifth chapter focuses on developing a detailed methodology that could be replicated 

elsewhere in the future. The provided methodology concisely states all of the important 

steps that were undertaken throughout the project. Other communities within, and out 

with, Scotland, could eventually follow this procedure.  

The analysis, results and discussion of technical, environmental and social aspects 

related to the proposed development are the backbone of the sixth chapter. This section 

also briefly introduces the renewable energy projects on the Isle of Arran, which has 

been chosen as a case study. To assure the robustness of the project, a specific location 

on the island was selected to model the system and run numerous simulations. 

Furthermore, this section concentrates on barriers to deployment, and how those could 

be overcome by various incentive programmes. The last part of the chapter is focused 
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on testing the established methodology on a potential off-grid site on the island to 

demonstrate its applicability and flexibility that could be replicated elsewhere. 

The last part of the thesis is concentrated on a final discussion and conclusion that 

brings all the researched outcomes together, whilst recommending the best solution to 

the investigated sites. Finally, further work that arose when working on this project that 

could be executed in the future is concisely outlined in the last section of the thesis. 
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2. Literature Review Part I: Heat Pumps 

The fundamental principle of a heat pump is to extract low temperature heat from a 

given source, and transfer it to a high temperature sink. It was Lord Kelvin who first 

came up with the idea of using heat pump system to provide heating for dwellings, with 

the first UK officially reported installation at the Norwich Corporation building (Singh, 

et al., 2010). Although the system design has clearly changed significantly since this 

milestone, the underlying concept has remained unchanged. 

The second law of thermodynamics discovered by Clausis states that heat cannot freely 

flow from a cold object to a hot one without external force being applied on the system. 

This means that, in the case of a heat pump, electrical power is required to run the 

compressor. The same principle is used in a conventional fridge, where heat is being 

removed from the internal space, and dumped to the surrounding environment. This 

operation keeps the interior at a desired temperature, whilst the back of the fridge is 

warming up. Heat pumps used for space heating and hot water essentially work as a 

reversed fridge. Although electricity is necessary throughout the process, the amount is 

significantly lower compared to the heat delivered. The ultimate difference between the 

refrigeration cycle and the heat pump cycle is captured in Figure 1.  

The required heat can be taken from different sources, such as air, ground or water, 

where each comprises of unique physical properties. Although heat pumps, especially 

the ones using ground as a heat source, are occasionally called geothermal devices, the 

main heat source is solar energy (65mW geothermal vs 100W solar) (Clarke, 2016). 

This gives the technology a substantial advantage compared to other heating systems, 

as solar energy is abundant and entirely renewable.  

Figure 1. Fundamental difference between refrigeration cycle (left) 

and heat pump cycle (right) (Tuohy, 2016) 
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2.1. Vapour Compression Cycle 

A heat pump consists of four main stages where each is represented by a unique 

component. These include compressor, condenser, expansion valve and evaporator. 

Firstly, a refrigerant is passed through a compressor which leads to increased pressure 

and temperature. Condensation occurs in the second stage, where compressed vapour 

turns into a liquid state whilst pressure remains unchanged. This is where heat is 

delivered to the building. Afterwards, high pressurised liquid experiences a pressure 

drop which causes the evaporation. In case of space heating and hot water generation, 

the evaporator is placed outside to gain heat from the source, as heat always flows from 

hot object to a cold one. Low pressure refrigerant in a gas state is then passed through 

the compressor, and the cycle is completed. The identical cycle can also be used for air-

conditioning, in which case the condenser is placed outside to dump the heat and the 

evaporation process occurs inside to cool down the internal rooms. This flexibility 

illustrates one of the many advantages compared to other conventional heating systems. 

A schematic of the heat pump cycle can be seen in Figure 2.  

Although a heat pump is a low carbon technology that uses renewable heat sources, 

external force must be applied on the system, to ensure that energy is transferred to the 

heat sink. This external work is delivered in a form of electricity that is consumed by 

the compressor. The change of pressure and enthalpy in each stage of an ideal vapour 

compression cycle is shown in Figure 3. In reality, the curves are not linear due to 

various heat losses and natural imperfections. 

Figure 2. Four main stages of a typical heat 

pump cycle (ESRU, 2011) 

  

 

Figure 3. Pressure-Enthalpy diagram of an ideal 

vapour compression cycle (Ruz, et al., 2017)  
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2.2. System Performance 

The main indicator to recognise performance of a heat pump is the coefficient of 

performance (COP). It is stated as a ratio of the net heating capacity to the effective 

power input, and should be officially measured according to ISO 13256-2:1998, which 

includes international standards for testing and rating for performance of water source 

heat pumps (ISO, 2015). Therefore, COP of a heat pump can be accurately measured 

by taking the amount of heat transferred to the heat sink (Q), and dividing it by the 

amount of electricity power dragged by the operating equipment (W), as shown in 

Equation 1:  

     #/0                 Equation 1 

Alternatively, there is a relationship between temperature of refrigerant in condenser 

4 , and evaporator 4 . This solution has the advantage of requiring only two 

thermocouples to calculate the COP of the ideal Carnot cycle, as shown in Equation 2: 

     #/0                Equation 2 

It can be seen that the highest COP is achieved when the temperature of condensation 

is the closest to the temperature of evaporation. This is why the performance of an air 

source heat pump decreases with lower outdoor bulb temperature. This often leads to a 

poor air source heat pump performance when the heat demand peaks, and generally 

unstable performance throughout the year, especially in countries such as the UK. 

Moreover, heating is usually required during the evening and night when the outdoor 

bulb temperature is the lowest. On the other hand, ground and water, both at sufficient 

depths, are represented by relatively stable temperatures not only during the 24-hour 

period, but also throughout the whole year.  

Although COP is an important characteristic of the system, it does not provide any 

information about how the heat pump performs in a long term. By contrast, seasonal 

performance factor (SPF) reflects a more realistic view of performance, as it is 

measured and calculated over an entire season (Morton, 2013). In the UK, every heat 

pump must be designed with a COP of 2.9 or higher and SPF must achieve a minimum 

of 2.5 to receive government incentives for low carbon heat generation (OFGEM, 

2014). Therefore, these values could be used as an indication of a ógoodô performance. 



 

9 

 

In 2016, the Department of Energy and Climate Change published a report dedicated to 

monitoring performance of ground and water source heat pumps installed around the 

UK. The overall SPF ranged from 1.3 to 4.2 with an average of 2.7 (Hughes, 2016). 

This statistic demonstrates that the majority of heat pumps are designed and installed 

correctly these days. 

The performance of heat pumps is relatively stable throughout the system lifetime, 

although regular maintenance is required. The expected working life of commercial 

heat pumps is estimated at 25 years which gives this technology significant advantage 

in terms of lower replacement rate, since conventional domestic boilers have an 

expected lifespan of only 15 years (Singh, et al., 2010). 

 

2.3. Heat Exchangers 

The core principle of a heat pump is to transfer heat from one place to the other, which 

requires the use of a heat exchanger. Low temperature heat extracted from the primary 

source is passed through the cycle and highly pressurised into a vapour before entering 

the condensation stage. At this stage, heat is transferred from the refrigerant to the water 

circuit which distributes heat around the building. To ensure that heat transfer is 

maximally efficient, a counter-flow heat exchanger with numerous shell passes should 

be used (Tuohy, 2016). Both cycles are completely separated, and therefore water and 

working fluid are never physically mixed.  

Inside the building, heat transfer is mainly executed through natural convection. The 

cheapest and most common practise is to use of radiators that are mounted to the wall. 

Underfloor heating has been becoming increasingly popular in the past decades, as it 

provides higher comfort to the residents, while the water temperature in the pipes can 

be significantly lower, which decreases heat losses thus saving money. According to 

the OFGEM research paper from 2015, an average Scottish 3-bedroom household using 

a heat pump as a primary heating source would save approximately £200 per year if an 

underfloor heating system is installed instead of a conventional radiator (OFGEM, 

2015). Upgrading to underfloor heating is, however, very expensive, and therefore is 

usually installed only in new builds. 



 

10 

 

2.4. Refrigerants 

An appropriate selection of a refrigerant type is a crucial aspect that has to be addressed 

when designing any heat pump system. Refrigerants significantly affect the technical 

performance of a heat pump due to different physical properties at different pressures. 

Fluids that are ideal for transferring heat from the source to the heat sink are, however, 

often highly environmentally unsuitable. These negative impacts have been overlooked 

in the past, when fridges contained toxic substances that were released to the 

atmosphere and contributed towards ozone depletion and global warming (Bolaji & 

Huan, 2013). Therefore, a recommended working liquid should provide high COP, 

while having minimal impact on the environment. 

There are numerous refrigerants that are banned or at least regulated by international 

agreements. Hydrofluorocarbons (HFC) and hydrochlorofluorocarbons (HCFCs) are 

typical examples of man-made working fluids that have been used in many industrial 

processes, including heating and cooling technologies, whilst having a substantial 

impact on the environment. In October 2016, Montreal protocol adopted the Kigali 

Amendment that adds HFCs to the list of controlled substances. This amendment has 

been strongly supported by the European Union to regulate use of refrigerants that are 

harmful for the atmosphere. Following this action, the European Commission published 

official papers that provide relevant information about alternatives to those regulated 

greenhouse gases (European Commission, 2017a). Some of the possible substitutes are 

shown in Table 1. 

To evaluate environmental suitability of different refrigerants, Global Warming 

Potential (GWP) measure has been established. Water has a GWP of 1 which represents 

the most climate-friendly solution. By contrast, the GWP values of many HFCs are in 

thousands, which clearly demonstrates the urgency to find appropriate alternatives. 

Working fluids that often replace HFCs are ammonia and #/ due to their low GWP 

values and high potential to achieve good technical performance. #/ must be, 

however, highly pressurised to meet sufficient COP, and ammonia is toxic which 

increases the health and safety costs related to the prevention of potential leakage. 
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Moreover, the production of ammonia is a highly energy intensive process, which often 

means higher usage of fossil fuels. 

There is not a universal refrigerant that is ideal for all types of heating and cooling 

technologies that would also be environmentally acceptable. Therefore, each 

application should be considered individually, and the conclusion will vary according 

to given circumstances. The technical performance of working fluids with low GWP 

value that could be used specifically for high temperature heat pumps has been 

investigated at the Royal Institute of Technology KTH, where six different fluids are 

evaluated (Palm, et al., 2016). The authors concluded that DR-2 is a refrigerant with a 

very high critical temperature, whilst having a GWP value as low as 2. This means that 

DR-2 seems like an ideal climate-friendly solution in cases where high temperatures 

are required. The relationship between the vapour pressure and temperature of studied 

working fluids is shown in Figure 4. In reality, other aspects including financial 

feasibility or health and safety issues need to be considered before the refrigerant is 

finally selected. 

Table 1. Climate-friendly alternatives to HFCs and HCFCs (European Commission, 

2017a) 
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2.5. Heat Distribution and Losses 

Heat distribution and related losses are important aspects that significantly influence 

the overall performance of any heating system, which also applies to domestic and non-

domestic heat pump technology. In single buildings, radiators or underfloor heating are 

primarily responsible for heat distribution as discussed in Chapter 2.3. Since heating 

systems are usually placed within a short distance from the buildings, or even inside 

them, heat losses are generally low. On the other hand, heating systems that feed 

multiple buildings must take into consideration heat losses that occur in the 

underground pipes. The concept of using a heating system from a centralised location 

to deliver heat into more buildings is called district heating (DH), which is currently 

gaining momentum in Scotland as a part of the draft Scottish Energy Strategy published 

in 2017. 

 

2.5.1. District Heating 

District heating is not a new concept, as the first system was implemented already in 

1880 in the USA, and a similar design was used for 50 years (Stevenson, 2016). 

Although district heating schemes have become a backbone of heat distribution in many 

European countries, UK has been left behind with the lowest deployment of DH in the 

entire EU. Many European countries have implemented heat networks that supply 

towns or even entire cities, whereas in Scotland, individual boilers heating each 

Figure 4.  The relationship between vapour pressure and temperature of investigated refrigerants 

(Palm, et al., 2016) 
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building or flat are the main source of heat (Scottish Government, 2017a). Nevertheless, 

this trend has started to change, and many DH projects across Scotland have been 

proposed in recent years. All the planned and built DH schemes in Scotland can be seen 

in Figure 5.  

It can be seen in Figure 5 that most schemes are situated within towns and cities, where 

population density is relatively high, which leads to lower heat losses in the pipes. 

Application of DH systems in rural areas might be more problematic, especially in 

places where individual buildings are dispersed. In these cases, DH schemes are usually 

not technically and financially viable option. However, even small rural communities 

can benefit from the district heating concept, if distances between the dwellings are 

relatively short to minimise heating losses that occur during heat distribution. Indeed, 

the Scottish Government has been supportive through incentives and grants to increase 

the deployment of DH schemes not only within its largest cities, but also in rural areas 

to decrease fuel poverty and meet ambitious renewable heating targets. 

Although Scotland is moving in the right direction with regards to deployment of DH, 

there are countries which have already reached remarkable achievements. There are 

more than 10,000 DH systems installed in the EU, which distributes heat to 

approximately 70 million EU citizens. In particular, Scandinavian countries are the 

Figure 5. Planned and existing district heating sites across Scotland (Scottish Government, 2017a) 
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leaders in implementing DH schemes. More than 50% of heating demands of Sweden 

and Denmark are supplied through DH schemes, including fast evolving systems that 

use 4th generation district heating concept (European Commission, 2017b). 

While conventional district heating schemes often use gas boilers and other fossil fuels 

powered systems, the new concepts move towards more sustainable solutions, such as 

biomass boilers, industrial waste heat recovery, large-scale heat pumps and solar 

thermal collectors, or geothermal energy (Lyden, 2015). The 4th generation district 

heating concept has several advantages that increase efficiency and integration of 

renewable energy technologies. Many conventional DH systems use steam for heat 

distribution, which results in higher losses compared to low temperature water 

distribution system. Moreover, fourth generation district energy networks are built from 

prefabricated materials, use the smart storage concept, and are controlled and monitored 

through advanced systems (ESRU, 2017). 

These advanced control systems function not only as time and temperature regulators, 

but also as metering and billing devices of energy use in individual buildings within the 

district heating scheme. All the aforementioned aspects can be controlled by a heat 

interface unit (HIU), also called óheat boxô, that follows the official UK standards given 

by CIBSE. The HIU should be installed within each house of the community to provide 

a user-friendly platform for residents to serve their requirements (CIBSE Journal, 

2011).  

 

2.5.2. Piping 

Conventional pipes are made from prefabricated materials and consist of three main 

elements; carrier pipe, appropriate insulation and outer jacket to protect the pipe from 

undesirable damage or bending. Heat losses in pipeline networks can be considerably 

reduced by using insulation materials. However, achieving minimal heat losses by using 

an excessive amount of insulation is neither technically nor financially feasible. Thus, 

energy savings and capital costs should be balanced to find an optimum solution. A 

schematic of a commonly used pipe is shown in Figure 6. 
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There are many types of pre-insulated pipes that can be used for heat supply. To keep 

the capital cost and space required as low as possible, twin pipes should be used in the 

case of heat distribution provided by heat pumps to allow circulation of input and output 

water in the same piping. Steel pipes generally have a longer lifespan and resistance 

against hostile conditions, whereas drawbacks include lower bending flexibility, 

challenging jointing and higher lambda value which negatively influences heat losses. 

High-performance polymer pipes with polyurethane (PU) foam are ideal for large 

systems over long distances, due to high level of insulation. Polymer pipes with cross-

linked polyethylene (PEX) foam are defined by excellent flexibility due to corrugated 

outer jacket. Both types of polymer pipes can be purchased from UK manufacturers, 

which can result in a #/ reduction of 29% (Rehau, 2017). The three discussed types 

are shown in Figure 7. 

 

 

Figure 7. Schematic of a conventional pipeline used for heat distribution (Zhang, et al., 2017) 

Figure 6. Pre-insulated twin pipes; steel pipe (left) (Vital, 2017), polymer pipe with PU 

foam (middle), polymer pipe with PEX foam (right) (Rehau, 2017) 

 

Figure 6. 

Figure 7. 
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2.5.3. Thermal Storage 

Energy storage should be an integral part of any heat pump system, due to the stochastic 

nature of electricity prices, and intermittency of renewable energy sources that are used 

to generate electricity. Without any energy storage implemented, a heat pump system 

would have to rely completely on current electricity available by the grid. Such a 

solution would be neither economical nor secure in areas of national grid supply, and 

impossible in sustainable off-grid areas where individual houses or whole communities 

are dependent on renewable energy power generation. Nevertheless, energy storage in 

the case of heat pump systems is usually provided by hot water storage tanks that are 

appropriately insulated to avoid undesirable heat losses. 

Sensible heat, latent heat or chemical reactions are the three main forms of thermal 

storage that can be used. Recent years experienced a significant evolution of new 

thermal storage technologies that include phase change materials, cryogenic storage or 

molten salt for concentrated solar systems (Bonanos & Votyakov, 2016). Although 

generated heat can be stored in many ways, which will certainly improve in the future, 

insulated hot water storage tanks are expected to be appropriate for the purpose of this 

project. This technology is well established, thus represents a reliable and financially 

affordable solution that can be purchased with a secure warranty, which is often a very 

important factor for vulnerable rural communities. 

The type and size of hot water tank depend on each individual situation. Small tanks 

with negligible stratification (hot water travels up and cold water stays down) are 

represented by low inertia and ability to respond to heating demand very quickly 

(Varga, et al., 2017). Water inside of the small tanks can be heated up fast and supply 

heat almost immediately. On the down side, such a system might be unable to generate 

and store heat when the electricity prices are the lowest, or when conditions for 

renewable energy generation are favourable. By contrast, large storage tanks are able 

to harness renewable energy potential and store heat for later use; this is especially 

necessary for district heating schemes to meet demand of multiple dwellings. Large 

storage tanks tend to be however, more expensive and cannot respond as quickly to 

variable heating demand. Therefore, most hot water storage tanks are designed to be a 

compromise of these features, and should be assessed on a case-by-case basis.  
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Figure 8 shows a typical domestic heat pump system with implemented hot water 

storage tank. It can be seen that hot water storage tanks take up a significant amount of 

space compared to other heat pump components. With regards to the piping 

connections, colder water is taken from the bottom part of the tank and passed through 

heat exchangers in the condenser. Hot water gathered in the tank travels to the top, thus 

the pipe distributing hot water around the building(s) is placed in the top part of the 

storage tank.  

Figure 8. Hot water storage tank as a part of a conventional heat pump system 

(Solo Heating Installations, 2017) 
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2.6. Types of Systems 

Heat pumps are part of renewable heat technologies that are supported by the Scottish 

Government. Although heat pumps have been gaining momentum in the recent years, 

they currently supply only 6% of all renewable heat generated in Scotland, which 

corresponds to 236 GWh (Scottish Government, 2017a). Most common are air source 

heat pumps that have the advantage of low capital cost and uncomplicated installation. 

However, their COP varies significantly throughout the year, especially in cold and 

humid climates such as the UK (Clarke, 2016). Ground source heat pumps (horizontal 

or vertical) provide more stable performance all year long, but higher capital cost and 

cumbersome building procedure are the main drawbacks that slow down deployment 

of this technology. Water source heat pumps benefit from high conductivity of water, 

and provide a relatively stable COP throughout all seasons. Moreover, nearly one 

quarter of domestic heat demand in Scotland lies within one kilometre of a major river 

and 22% within one kilometre of the coastline (Scottish Government, 2017a). These 

statistics demonstrate an enormous potential that has remained untapped, which is the 

main reason why the Scottish Government is investing into feasibility studies to install 

WSHP systems across the country to decarbonise Scotlandôs energy sector. All three 

types of heat pump technology can be seen in Figure 9. 

Figure 9. Schematic of different heat source for multipurpose usage (Heat Pump Critique, 2017) 
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WSHPs are designed to transfer heat from the water source, such as river, lake, pond, 

man-made reservoir or sea, to the heat sink. The mass of water must be large enough to 

be prevented from freezing. This technology is generally restricted to areas, where the 

water source is relatively close to the heat demand side to ensure that heat losses are 

minimised. Fortunately, many Scottish communities, towns and cities are situated 

within a short distance from large water source. WSHPs can be divided into two main 

categories; open-loop and closed-loop. Each type has its own advantages and 

drawbacks, thus there is not a universal rule regarding which type is more feasible to 

implement. The fundamental difference between open-loop and closed-loop systems 

can be seen in Figure 10. 

 

2.6.1. Open-Loop 

Open-loop systems, also referred to as ôindirectô, rely on an additional pump that draws 

water from the source, passes it through the heat exchangers, and then pumps the water 

back to the source where it was taken from in the first place. This means that power 

consumption of these systems is generally higher, compared to the closed-loop systems. 

On the bright side, undesirable heat losses are avoided, as water passes directly through 

the heat exchanger. Open-loop WSHP systems can be used in residential or commercial 

buildings, and in district heating and cooling systems. Due to economic reasons, open-

loop systems tend to be used for large scale applications (Spitler & Mitchell, 2016).  

Additional capital costs are not linked only to the water circulation pump. Appropriate 

prevention against corrosion needs to be considered, especially in those systems that 

Figure 10. Graphical schematic of an open-loop (left) and closed-loop (right) WSHP system 

(Kensa Heat Pumps, 2017) 
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must withstand seawater conditions, which are generally more expensive due to the 

necessity of special anticorrosive materials. If high volumes are extracted from the 

primary heat source (more than 20 cubic meters per day), an official abstraction licence 

from a relevant authority is required (Environment Agency, 2016). Moreover, 

appropriate protection of water creatures needs to be considered to prevent any animals 

or debris being sucked into the system. In Scotland, these conditions are supervised by 

the Scottish Environment Protection Agency (SEPA). Finally, additional maintenance 

is required compared to the closed-loop systems. The evaporator should be cleaned 

frequently, as the heat transfer can decrease by 75% within only five months of 

operation without regular cleaning (Rosen, 2015). All these aspects are projected into 

the capital cost of the system, hence the larger scale usage. An example of a large-scale 

water source heat pump with an open-loop system installed in Drammen by Star 

Refrigeration is shown in Figure 11. 

Despite the fact that open-loop systems use another pump to circulate the water from 

the source, these systems can achieve high COP values even on a long-term basis. 19 

open-loop WSHP systems, with nominal capacities from 35 kW to 6.8 MW, were 

investigated in Norway. During the operational time, an average seasonal heat pump 

heating COP was 3.1, ranging between 2.1 and 4 (Spitler & Mitchell, 2016). 

 

Figure 11. Large-scale river source heat pump with an open-loop system 

manufactured by Star Renewable Energy (Star Refrigeration, 2016) 
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2.6.2. Closed-Loop 

Closed-loop systems are fundamentally very similar to ground source heat pumps, 

except that fact that the thermal exchange is made between water sources rather than 

earth. In closed-loop systems, heat transfer fluid, which is usually water with added 

antifreeze substances, absorbs heat from the water source, and passes it through the heat 

exchanger which is placed in the evaporator. These systems experience greater heat 

losses compared to the open-loop schemes, as the fluid has to be transferred from the 

water source to the evaporator. On the other hand, the overall power consumption is 

generally lower, as water does not have to be pumped from the source. Since there is 

not a direct contact between the evaporator and water body, a risk of corrosion is 

eliminated. This is advantageous especially in seawater installations where advanced 

and more expensive anticorrosive materials would be otherwise required. In addition, 

there is no danger of the evaporator being frozen, although attention must be paid to the 

heat transfer fluid, hence the antifreeze solution requirements (Morton, 2013). 

The type of thermal transfer fluid plays an important role in terms of environmental 

considerations. This is due to the reason that any potential leakage from the closed-loop 

system would immediately affect the water ecosystem. Thus, the eco-toxicity of the 

used antifreeze solution is highly important before designing the system. Ethylene 

glycol is often used in ground source heat pump installations due to its low viscosity, 

however it is poisonous, therefore not recommended for water source applications. 

Although propylene glycol or ethanol have higher viscosity, they could be possible used 

as reliable alternatives due to their lower level of toxicity (Banks, 2012). Other 

alternatives that are available on the market and claim lower toxicity than previously 

mentioned substances are thermal transfer fluids based on vegetable extracts or organic 

salts (Environment Agency, 2011).  

Heat exchangers placed in a water body are either coiled high-density polyethylene 

(HDPE) pipes or flat plate heat exchangers. The former is more feasible in cases of 

lower water depth available, which includes smaller rivers and areas with shallow 

coastline. Coils are arranged in slinky overlapping patterns, which are often used to 

install ground source heat pumps to reduce the overall area. The latter represents a more 

solid solution, which takes up more space, however is less likely to be damaged by 
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external factors, such as floating objects in the water. Both types of heat exchangers 

that are used to extract heat from the body of water are shown in Figure 12. 

Closed-loop systems generally require less maintenance than open-loop systems, 

although they are more vulnerable to high flow rates in rivers, as they can float away. 

Moreover, they can be damaged by passing boats when placed in the river or sea 

(Lyden, 2015). These risks can be, however, eliminated by adequate field research that 

should be followed by appropriate design and precise installation. 

 

2.7. Real-World Implementation 

Water source heat pumps have become a successful technology supplying heat in 

domestic and non-domestic sectors not only in Europe, but also worldwide. Although 

the majority of applications are used for either large commercial buildings, social 

housing, or multiple dwellings as a part of district heating schemes, a small fraction of 

the total number of installations in the UK are installed in individual family homes 

(mainly in rural areas). An example of a small scale WSHP utilisation is the River 

House in Cambridge, where the system provides heating to a family house of four 

members. Heat is taken from the nearby lake, and buried underground pipes transfer 

heat to the evaporator that is placed in the building. The closed-loop system with coiled 

HDPE pipes took less than three weeks to install, and resulted in significant financial 

savings compared to the previous situation when gas boiler was used. This is largely 

due to the support from the Government through the domestic Renewable Heat 

Incentive scheme (Kensa Heat Pumps, 2017). 

Figure 12. Heat exchangers used for closed-loop systems; coiled HDPE pipes (left) 

(Kensa Heat Pumps, 2017) and flat plate heat exchangers (right) (Aweb, 2017) 
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Moving from the small-scale application to the other extreme, the world largest open-

loop WSHP system is used for a district heating scheme in Stockholm, which includes 

six seawater heat pumps with a total capacity of 180 MW. This system was originally 

installed in the middle of 1980s, and has gone through numerous upgrades including 

refrigerant replacement in 2003 from working fluid R22 to R134a. Taking into 

consideration a heat pump COP of 3.75 during the winter time, it can be seen that 

WSHP is a technology with long durability and relatively stable long-term performance 

(Friotherm, 2015). The enormous size of the system is shown in Figure 13.  

The vast majority of WSHPs are installed in places within the national electricity grid 

coverage. Off-grid installation with renewable power generation on site would be more 

complicated due to stochasticity of renewables. Nonetheless, the technology could 

provide a reliable heating supply, if appropriate thermal storage was implemented. In 

such a case, a heat pump would drag generated electricity when the weather conditions 

were favourable and heating demand was low, and store this heat for later use. The 

system size, including thermal storage technology, would have to be designed 

individually for each specific case. 

The technology has proven to be successful in both cities and rural areas. Cities 

generally benefit from more densely populated areas, which means lower heat losses in 

the system. On the other hand, rural areas in Scotland are often not connected to the 

main gas grid, thus heat pumps are capable of providing a financially and 

environmentally attractive alternative to electric heaters and systems fuelled by coal or 

kerosene. Loch Ness Shores Foyers Camping Site in Foyers represents an example of 

Figure 13. The largest water source heat pump scheme in the world - 180MW capacity 

operating in Stockholm, Sweden (Friotherm, 2015) 

 



 

24 

 

a rural community that benefits from a small-scale WSHP district heating scheme. A 

60 kW hybrid system consists of a WSHP and solar thermal collectors that are installed 

on the roof of the building to supply heating and hot water for the visiting customers. 

This successful eco-camp project created local jobs, and supported local businesses in 

the area. The project has been successfully running since 2013, and was subsidised by 

the Scottish Governmentôs Energy Saving Trust (Helping It Happen, 2017). The 

camping site during the construction process and the implemented heat pump system 

are captured in Figure 14. 

High flexibility of WSHP systems in terms of various application is a crucial advantage 

that should not be overlooked. The same system can provide space heating during the 

colder months of the year, and air-conditioning during the warmer periods of the year. 

In addition, hot water can be supplied throughout the entire year, if the system is 

designed for it. In that case, the hot water temperature must exceed a temperature of at 

least 55 °C to avoid a Legionella bacteria that extensively grows in man-made water 

systems operating at temperatures between 20 °C and 45 °C. This type of bacteria can 

cause the Legionnairesô disease (LD), and appears especially in lower temperature 

water storage tanks (Collins, et al., 2017). Therefore, hot water systems, such as the one 

installed in Foyers, are designed to achieve temperatures of around 60 °C to prevent 

any risk of Legionella contamination. The relationship between the growth rate of 

Legionella bacteria and water temperature and time is shown in Figure 15. 

Figure 14. Loch Ness Shores Foyers Camping Site in Foyers; district heating construction process 

(left), successfully installed heat pump system (right) (Kensa Heat Pumps, 2017) 
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2.7.1. Crucifers Convent in Venice Case Study 

Many countries in the world are currently experiencing fast economic growth and 

enhancement of living standards, which consequently leads to increased heating and 

hot water demand, and especially cooling demand during summer months. Indeed, 

WSHP technology can tackle all of these aspects, which is demonstrated in the research 

paper focused on experimental analysis of the performance of a surface water source 

heat pump system installed in Venice that was designed to meet all three critical 

demands (space heating, hot water and cooling) (Schibuola & Scarpa, 2016). 

A seawater-based open-loop heat pump system was installed as a part of a retrofit 

project of the Crucifers Convent historical building, which is captured in Figure 16. 

The Venetian lagoon (the largest wetland in the Mediterrean Sea) provides an ideal heat 

source for WSHP application, especially due to the proximity of the buildings and 

surrounding lagoon. The heat pump has a nominal capacity of 610 kW in a heating 

mode, and 580 kW in a cooling mode, respectively. R113a was selected as a working 

fluid, which has favourable physical properties for cooling systems, however extremely 

high Ozone Depletion Potential (ODP) value (0.9) and Global Warming Potential 

(GWP) value (6,130), thus a more environmentally friendly solution could be 

considered as an alternative in the future (Riemer, 2014).  

Figure 15. The growth rate of Legionella bacteria related to water temperature and time 

(Greater London Authority, 2014) 
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Appropriate water filtering was a critical challenge that had to be addressed, as the 

lagoon water tends to be dirty due to numerous scarce sewers and refuse spills in the 

city. Moreover, the presence of algae, sludge and urban waste related to the frequent 

boat traffic negatively affect the water purity. The installed self-cleaner filter is shown 

in Figure 16.  

The applied seawater heat pump system achieved a winter COP of 3.66 between 

October and April, and a cooling COP of 4.13 during the rest of the year. The power 

consumption of the suction pump, which is necessary for any open-loop system, was 

considered when calculating the COP value. This experimental analysis has proven the 

flexibility of the system that has a capability to work reliably throughout all seasons of 

the year. 

  

Figure 16. The Crucifers Convent complex in Venice, Italy (left); self-cleaning filtering device (right) 

(Schibuola & Scarpa, 2016) 
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3.  Literature Review Part II: Renewable Power 

Generation 

To ensure that heat generated through a water source heat pump is completely 

renewable, the required power consumption of the system needs to be met from 

renewable sources. Although the heat pump power consumption is significantly lower 

compared to conventional electric heaters, that are often used in areas outside of the 

main gas network, they still a require reliable electricity supply to transfer heat from 

the heat source to the heat sink. The core of the project is not to provide an overview of 

all renewable power generation technologies that could be considered, however the 

increased power demand related to the operation of heat pumps should not be 

completely overlooked. 

Micro hydropower is one of the technologies that could be considered when 

implementing any river source heat pump technology. It applies especially to places 

with abundant hydro resources and a high concentration of environmentally protected 

areas that would not be suitable for any large-scale projects, including large dams or 

wind farm developments. This is also the case of Arran, which is very limited in terms 

of potential wind generation due to restrictions from Scottish Natural Heritage and 

protected wildlife areas (Calderwood & Logan, 2016). In the areas with insufficient 

hydropower resources, the possibility of using solar PV panels instead was assessed. 

All in all, this project will investigate the feasibility of using micro hydropower and/or 

solar PV systems to supply power consumed by the low carbon heating system. The 

reason why even small wind turbines were excluded from the feasibility study is 

provided in Subchapter 4.1.  
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3.1. Micro Hydropower  

Hydropower is a reliable source of electricity that accounts for a quarter of renewable 

generated electricity in Scotland. Although the majority of this electricity comes from 

large hydropower schemes built mainly in the second half of the 20th century, the 

Scottish Government currently supports mostly small and community-owned 

hydropower projects instead of proposing large-scale schemes. The 2020 hydro targets 

are to have 1 GW of community and locally-owned energy, which means that at least 

half of newly consented projects should include shared ownership. Wider deployment 

of small and micro hydro projects has been continuously supported through various 

funds and loans (Scottish Government, 2017b). Their cost distribution between civil 

engineering on site, required mechanical and electrical equipment and preliminary 

planning documentation is significantly more uniform compared to large-scale 

schemes, where enormous capital must be dedicated to the construction stage as seen 

in Figure 17. 

The vast majority of micro hydro systems are run-of-river (ROR) schemes with a 

capacity between 5 and 100 kW. Other types include dam-based and pumped storage 

schemes, however these are more common for large-scale developments. ROR schemes 

can be divided into two main types. Upland schemes are characterised by high head and 

low flow, whereas lowland schemes are typically situated on more mature, lower 

reaches of the river that benefit from the opposite characteristics with the head usually 

Figure 17. Cost distribution of large and micro hydropower schemes (Binama, et al., 2017) 



 

29 

 

created by a small barrage (Prophet, 2015). A typical small run-of-river scheme is 

presented in Figure 18. 

Most environmental and socio-economic concerns related to large hydropower plants 

are practically negligible when it comes to micro hydro systems. Schemes with a 

capacity under 100 kW do not flood useful land, damage local ecosystems, affect 

seismic activity or cause population displacement. Micro hydro projects are often 

designed and built in an environmentally friendly way to fit into the surrounding 

landscape, whilst generating electricity to meet local demand without the need of using 

large transmission lines. Moreover, micro hydro systems are suitable for places with 

abundant fish presence, which is an important aspect in many parts of the world, 

including Scotland (Botelho, et al., 2017).  

Hydropower turbines can be divided into two main categories; impulse and reaction. 

The selection of suitable type largely depends on available head and flow rate. These 

are the main aspects that should be considered throughout the initial assessment. 

Related capital costs and expected efficiency during operation are more detailed aspects 

that should also be considered before the final decision is made. Both main types of 

turbines have been widely used across the world, and there is not one uniform type that 

would be ideal for any situation.  

Figure 18. Small run-of-river system landscape schematic (TEEIC, 2017) 
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Impulse turbines use the water velocity as a kinetic energy before moving the runner 

and discharging at atmospheric pressure. Therefore, these turbines cannot function as a 

part of pumped storage schemes, as they are not submerged, thus cannot work in a 

reversed mode. Impulse turbines are mainly used for high-head low-flow applications 

to gain enough kinetic energy that can be squirted in the jets. A Pelton wheel is 

characterised by blades that are symmetrically split into two parts to transfer most of 

the kinetic energy to rotate the runner. A variation of this type is a Turgo wheel that is 

based on a similar principle except the incoming water passes from one side to the other, 

and it is manufactured exclusively by Gilkes in England (EERE, 2017). The last type is 

a Cross-flow turbine, also known as Banchi or Ossberger. This turbine is represented 

by a cylindrical runner, which is often made from sheet metal, and allows incoming 

water to pass twice through the blade ring. Cross-flow turbines are often used for micro 

hydro applications in the UK, and especially at sites with higher heads available 

(Renewables First, 2015). Basic schematic of each impulse turbine is captured in Figure 

19. 

Reaction turbines benefit from the gained pressure to move the runner. The turbine is 

fully submerged, therefore can be used in a reversed mode as a motor in pumped hydro 

schemes. Reaction turbines are suitable for sites with higher flow rates and lower heads. 

A Francis turbine is fed by water from spiral casing, and includes a runner with fixed 

blades. Francis turbines have been a core part of many large hydropower schemes, 

however are also occasionally used in micro hydro applications. A Propeller turbine is 

an axial-flow system that usually comprises of guide vanes. These turbines have 

between three to six blades that are constantly in contact with flowing water. Figure 20 

shows basic schematics of the two main types of reaction turbines. A variation of this 

type is a Kaplan turbine which was invented by Czech scientist Viktor Kaplan. Kaplan 

Figure 19. Basic schematic of widely used impulse turbines (HydroBPT, 2017) 
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turbines have automatically adjustable blades to achieve high efficiencies at different 

flow rates, thus are often a feasible solution for low-head micro hydro applications. 

Another option for small hydro projects can be pump as turbine (PAT) system that has 

been successfully proven especially in developing countries as a low-cost solution with 

a simple structural design. PAT systems are feasible even for very small flow rates and 

heads (Binama, et al., 2017).  

The suitability of specific turbines regarding available head and flow rate is shown in 

Figure 21. Turbines recommended for micro hydro projects are generally placed 

towards the bottom left area of the graph. It can be seen that the hydro resource in the 

given location must be evaluated first to narrow the scope of possible options that can 

be further investigated. 

Figure 20. Basic schematic of two main reaction turbine types; Francis turbine (left) and Propeller 

turbine (right) (Clarke, 2016) 

Figure 21. Turbine selection regarding available head and flow rate (Wyoming Renewables, 2017) 



 

32 

 

Although the vast majority of hydropower schemes are built with reaction or impulse 

turbines, other types have also been successfully demonstrated in projects across 

Scotland. An Archimedes Screw is a gravity-based turbine that is suitable for extremely 

low-head applications. The Archimedes Screw with a head of two meters was installed 

near Aberdeen as a part of Donside Hydro Community project in 2016 to generate 

electricity for the village (rated capacity of 100 kW), whilst providing an interesting 

site for tourists. The Aberdeen Community Energy (ACE) project required a capital 

investment of £1.25m, and became the first urban community hydro development in 

Scotland (Power-Technology, 2017). The system in operation is shown in Figure 22. 

Another state of the art concept which has been tested in Scotland is the Water Engine 

system that uses hydraulic rams to convert water motion into high pressure fluid to 

generate electricity. This system is suitable for ultra low-head applications, whilst being 

environmentally friendly to fish that can swim through the system without getting 

harmed. The Water Engine demonstration project is proposed to be built by Water 

Engine Technologies as a part of Energise Galashiels Trust community project to 

harness the untapped hydro potential on the Scottish Borders (Water Engine 

Technologies, 2016). The proposed development received a funding of £24,000 from 

Local Energy Scotland ï Challenge Fund, and is expected to supply 400 kW of 

electricity to the town (Local Energy Scotland, 2017). The Water Engine concept design 

model is shown in Figure 23. 

Figure 22. Archimedes Screw as a part of Donside 

Hydro Community project (Power-Technology, 2017) 
Figure 23. The Water Engine concept 

design (Water Engine Technologies, 2016) 

 










































































































































































