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PUBLISHABLE SUMMARY  

Livestock sector is lagging in the transition forward zero-emission and zero-energy. Plenty of market-

available renewable energy sources (RES) and energy efficiency solutions/products (EES) adopted in 

residential buildings could be implemented in livestock farm.  

The overall objective of this Deliverable is to summarize the market-available RES technologies, 

machinery, energy efficiency solutions and practices. Their basic working principle, installation and 

maintenance, performance, cost and return, supplier and potential application in farm will be 

introduced individually. The implementation and combination of discussed technologies in livestock 

farm are fundamental for achieving fossil-free livestock farm. 

This Deliverable provides general information of market-available RES technologies, machinery, energy 

efficiency solutions and practices to both livestock industry and policy makers.  

 

 

 

  



 

7 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Table of Contents  

1. INTRODUCTION ................................................................................................................................. 14 

2. RENEWABLE ENERGY SPURCES ......................................................................................................... 14 

3. ENERGY EFFICIENCY SOLUTIONS ....................................................................................................... 15 

4. SUMMARY AND OUTLOOK ................................................................................................................ 16 

Part I: Renewable energy sources ......................................................................................................... 17 

Appendix 1: Photovoltaic systems ........................................................................................................ 18 

Appendix 2: Solar thermal systems ....................................................................................................... 29 

Appendix 3: Photovoltaic thermal collectors ........................................................................................ 39 

Appendix 4: Wind energy ...................................................................................................................... 49 

Appendix 5: Bioenergy .......................................................................................................................... 57 

Appendix 6: Biogas ................................................................................................................................ 63 

Appendix 7: Hydrogen ........................................................................................................................... 74 

Appendix 8: Geothermal Energy ........................................................................................................... 79 

Appendix 9: Heat pump......................................................................................................................... 89 

Appendix 10: Combined heat power .................................................................................................. 106 

Appendix 11: Organic Rankine cycle ................................................................................................... 115 

Appendix 12: Thermal storage system ................................................................................................ 130 

Appendix 13: Electrical storage system............................................................................................... 136 

Part II: Energy efficiency solutions ...................................................................................................... 150 

Appendix 14: Farming practices .......................................................................................................... 151 

Appendix 15: Barn monitoring and advanced control strategies ....................................................... 160 

Appendix 16: Smart ventilation ........................................................................................................... 168 

Appendix 17: Heating and cooling distribution systems ..................................................................... 175 

Appendix 18: Heat recovery ................................................................................................................ 184 

Appendix 19: Local heating and cooling .............................................................................................. 193 

Appendix 20: Energy efficient lighting ................................................................................................ 199 

Appendix 21: Building envelope .......................................................................................................... 205 

Appendix 22: Electric tractor ............................................................................................................... 218 

Reference ............................................................................................................................................ 227 

 

  



 

8 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

LIST OF TABLES  

Table A1. 1. Capacity of the panel depending on the size. ...................................................... 22 

Table A1. 2. ROI for different system sizes. ............................................................................. 27 

Table A1. 2. PV panel suppliers. ............................................................................................... 27 

Table A2. 1 Potential environmental impacts of solar thermal collector. ............................... 36 

Table A2. 2 List of suppliers. ..................................................................................................... 37 

Table A3. 1. Most common suppliers of PVT collectors differentiated by their most common 

technology. ............................................................................................................................... 46 

Table A4. 1. Comparison between HAWTs and VAWTs. .......................................................... 50 

Table A4. 2. Suppliers of small wind turbine in Europe. .......................................................... 54 

Table A6. 1. Overview of the cost values (2018) for the most important parameters in 

biomethane anaerobic digestion production process. ............................................................ 68 

Table A8. 1 Investment of ATES depends on well capacity. .................................................... 86 

Table A9. 1. Types of heat pump's heat exchangers that be employed. ................................. 91 

Table A9. 2. Financial savings for a heat pump compared to other technologies. .................. 99 

Table A9. 3. Heat pump's components and integrated heat pump systems suppliers. ........ 101 

Table A9. 4. Heat pump's components and integrated heat pump systems suppliers. ........ 104 

Table A10. 1. Overview of the main prime mover characteristics. ........................................ 109 

Table A10. 2. Main economic parameters for different CHP types. ...................................... 110 

Table A11. 1. Typical power outputs of different expander types. ....................................... 116 

Table A11. 2 Types of ORC heat exchangers. ......................................................................... 118 

Table A11. 3. ORC machines, output, and performance data (from manufacturers' websites 

and brochures). ...................................................................................................................... 122 

Table A11. 4. Key characteristics of ORC applications exploiting different heat sources. .... 124 

Table A11. 5. Typical providers of ORC systems components. .............................................. 126 

Table A11. 6. List of ORC manufacturers/designers, with number of installed units and total 

installed capacity by 2016. ..................................................................................................... 126 

Table A11. 7. Example of biomass ORC unit specifications. .................................................. 128 

Table A12. 1. Thermophysical properties of some common TES materials. ......................... 131 

Table A12. 2. typical parameters for Sensible and laten thermal energy storage system. ... 132 

Table A13. 1. List of battery manufacturers........................................................................... 147 

Table A17. 2. Roughness heights for commercial air ducts. .................................................. 178 

Table A17. 3. Recommended velocities for industrial buildings. ........................................... 178 

Table A17. 4. Representative roughness values for different pipe materials. ...................... 180 

Table A17. 5. Representative loss coefficients for piping systems. ....................................... 181 

Table A19. 2. Global initial investment of slurry technology in the investigated farm. ........ 198 

Table A20. 1. General characteristics of light source. ............................................................ 200 

Table A20. 2. Range of recommended luminance for agricultural tasks. .............................. 201 

Table A20. 3. Comparison of the cost to retrofit incandescent bulks with LED bulbs or LED 

tube. ....................................................................................................................................... 203 

Table A20. 4. List of LED lighting suppliers and solar light. .................................................... 204 



 

9 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

LIST OF FIGURES  

Fig. A1. 1. P-N junction of a semiconductor. ............................................................................ 18 

Fig. A1. 2. Main components of a photovoltaic system. .......................................................... 18 

Fig. A1. 3. Photos of (a) monocrystalline solar panel, (b) Polycrystalline solar panel and (c) thin-

film solar cell. ........................................................................................................................... 21 

Fig. A1. 4. I-V characteristic curve of a panel. .......................................................................... 22 

Fig. A2. 1. Classification of the different types of solar thermal collectors. ............................ 30 

Fig. A2. 2. Scheme of (a) flat-plate collector and (b) evacuated tube collector. ..................... 31 

Fig. A2. 3. Scheme of (a) passive direct system and (b) active indirect one-tank system. ...... 32 

Fig. A2. 4. Scheme of solar collector. ....................................................................................... 32 

Fig. A2. 5. Varying efficiency of panel with temperature. ....................................................... 35 

Fig. A3. 1. Simple diagram of the electrical and thermal parts of a common PVT system. ..... 39 

Fig. A3. 2. Scheme of (a) PVT air collector, (b) PVT water collector and (c) concentrating PVT 

collector. ................................................................................................................................... 40 

Fig. A3. 3. Different components of a PVT water collector. ..................................................... 40 

Fig. A3. 4. Utilisation of the solar spectral irradiance in a common PVT collector .................. 42 

Fig. A3. 5. Average annual global horizontal solar irradiation in Europe. ................................ 43 

Fig. A3. 6. Efficiency comparison of thermal and electrical technology used in PVT collectors 

based on solar radiation for average operating temperatures of 20 ϲC (left) and 80 ϲC (right) 

above ambient temperature. ................................................................................................... 44 

Fig. A3. 7. Comparison of solar efficiencies for the electrical and thermal part of an uncovered 

(uninsulated) and covered (insulated) PVT collector. .............................................................. 45 

Fig. A3. 8. Saved fuel costs compared to their current heating systems calculated based on 

different applications and type of collector. ............................................................................ 46 

Fig. A3. 9. Temperature requirements for heating processes in agriculture. .......................... 47 

Fig. A3. 10. Typical applications of different types of PVT collectors based on their operating 

temperature. ............................................................................................................................ 47 

Fig. A4. 1. Basic workflow of wind turbine (domestic system). ............................................... 49 

Fig. A4. 2. Basic forms of (a) three-bladed HAWT and H-Darrieus VAWT. .............................. 50 

Fig. A4. 3. Wind turbine power curve. ..................................................................................... 51 

Fig. A4. 4. EU funding for wind energy landscape (2021-2027). .............................................. 54 

Fig. A4. 5. Schematic of proposed solar assisted geothermal heat pump and small wind turbine 

systems. .................................................................................................................................... 55 

Fig. A4. 6. Installation of wind power system behind ventilation fans at a broiler house. ..... 55 

Fig. A5. 1. Overview of bioenergy conversion technologies and end-uses. ............................ 57 

Fig. A5. 2. Biomass power generation technology maturity status (2011). ............................. 59 

Fig. A5. 3. Specific power generation cost of bioenergy as a function of plant size. ............... 60 

Fig. A5. 4. Gross final renewable energy demand in 2014 (actual demand) and optimal RES mix

 .................................................................................................................................................. 60 

for meeting the 27% EU renewables target. ............................................................................ 60 

Fig. A5. 5. Bioenergy in the EU: share in gross final energy consumption, renewable energy 

supply and end-uses (2016). .................................................................................................... 61 



 

10 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Fig. A5. 6. Bioenergy supply in the EU (2016). ......................................................................... 61 

CƛƎΦ !рΦ тΦ 9¦Ωǎ ŘƻƳŜǎǘƛŎ ōƛƻŜƴŜǊƎȅ ǎǳǇǇƭȅΦ ό5ŀǘŀ ŦǊƻƳ нллсΣ нлмс ŀƴŘ ƛƴƛǘƛŀƭ ǇǊƻƧŜŎǘƛƻƴǎ ŦƻǊ 

2020). ........................................................................................................................................ 62 

Fig. A6. 1. Overview of biogas production, upgrading to biomethane and end-uses. ............ 63 

Fig. A6. 2. Biomethane potential and theoretical biogas contents.......................................... 64 

Fig. A6. 3. The use of biogas upgrading techniques at operational units in the participants 

countries in the IEA Bioenergy Task (2016-2019). ................................................................... 66 

Fig. A6. 4. Average costs of biogas production technologies per unit of energy produced 

(excluding feedstock), 2018. .................................................................................................... 68 

Fig. A6. 5. General financing scheme of biomethane projects. ............................................... 69 

Fig. A6. 6. Revenue streams of biomethane. ........................................................................... 69 

Fig. A6. 7. Use of biogas for various stationary applications (S-removal: removal of sulphur 

compounds). ............................................................................................................................. 70 

Fig. A6. 8. (a) Natural gas mobile units and (b) refuelling stations for biomethane. ............... 71 

Fig. A6. 9. Small biogas plants in Germany with aim of (a) minimum investment cost and (b) 

treating a large share of solid substrates from organic farming.............................................. 72 

Fig. A6. 10. The number of biogas plants in Europe. ............................................................... 72 

Fig. A6. 11. Feedstock use in biogas plants in Europe. ............................................................ 73 

Fig. A7. 1. (a) Flow chart and (b) photograph of the green hydrogen production unit installed 

at the pilot unit placed at the Vinas del Vero winery, at the Somontano region, north of Aragon 

(Spain). ...................................................................................................................................... 75 

Fig. A7. 2. Flow chart of the general process layout for hydrogen production via gasification.

 .................................................................................................................................................. 76 

Fig. A7. 3. Facility for Hydrogen production through biomass gasification. ............................ 76 

Fig. A7. 4. Flowchart of the principle of operation and the schematic of a PEM Fuel Cell. ..... 77 

Fig. A7. 5. Concept of a Hydrogen Fuel Cell powered tractor (Valtra H202). .......................... 77 

Fig. A7. 6. (a) A hydrogen fuelled piston engine and (b) a hydrogen microturbine. ............... 78 

Fig. A8. 1. Schematic of Canadian Wells. ................................................................................. 79 

Fig. A8. 2. Schematic of Aquifer Thermal Energy Storage (ATES). ........................................... 81 

Fig. A8. 3. Schematic of Cold Storage/Recirculation. ............................................................... 82 

Fig. A8. 4. Schematic of Borehole Thermal Energy Storage. .................................................... 82 

Fig. A8. 5. Average ground temperature between 10 to 150 m deep in Europe. ................... 84 

Fig. A8. 6. Photo of geothermal direct use at livestock stable. ................................................ 88 

Fig. A8. 7. Schematic of Central Solar Heating Plant with Seasonal Storage. .......................... 88 

Fig. A9. 1. Heat pump cycle (left) and typical pressure-enthalpy diagram (right). .................. 89 

Fig. A9. 2. Capacity and applications of different compressor types. ...................................... 90 

Fig. A9. 3. Plate heat exchanger (left) and plate-fin heat exchanger (right). ........................... 91 

Fig. A9. 4. Expansion valve configuration in a heat pump. ...................................................... 92 

Fig. A9. 5. COP variation with the ambient temperature for various refrigerants. ................. 93 

Fig. A9. 6. Comparison of final energy demand of different heating systems......................... 94 

Fig. A9. 7. Involved processes during the heat pump lifetime ................................................. 95 

Fig. A9. 8. Comparison of the lifetime emissions of different heating solutions. .................... 95 



 

11 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Fig. A9. 9. Comparison of heat pump and boiler systems using the Eco-indicator99 and 

EPS2000 methodologies. .......................................................................................................... 96 

Fig. A9. 10. Factors affecting the total cost of ownership of a heating system (source: EHPA).

 .................................................................................................................................................. 98 

Fig. A9. 11. Estimated guide to the ROI. .................................................................................. 99 

Fig. A9. 12. Funding possibilities in Europe. ........................................................................... 100 

Fig. A9. 13. Industrial heat pump with the components. ...................................................... 101 

Fig. A9. 14. Non-residential applications of heat pumps. ...................................................... 102 

Fig. A9. 15. Air-source (left) and ground-source (right) heat pump. ..................................... 105 

Fig. A10. 1. Overview of a typical CHP architecture. .............................................................. 106 

Fig. A10. 2. Energetic comparison of separate generation of electricity and heat with CHP.

 ................................................................................................................................................ 106 

Fig. A10. 3. Support Mechanisms CHP system in Europe. ..................................................... 111 

Fig. A10. 4. Overview of a typical CCHP architecture. ............................................................ 112 

Fig. A10. 5. Schematic overview of a farm-based biogas CHP System. ................................. 113 

Fig. A10. 6: CHP Share in power generation: EU-27: Eurostat 2009. ..................................... 114 

Fig. A11. 1. Organic Rankine cycle (left) and typical temperature-entropy diagram (right). 115 

Fig. A11. 2. Recuperative Organic Rankine cycle with (left) and typical temperature-entropy 

diagram (right). ....................................................................................................................... 116 

Fig. A11. 3. Expander types used in ORC systems. ................................................................. 117 

Fig. A11. 4. Plate (left) and shell-tube heat exchanger (right). .............................................. 118 

Fig. A11. 5. Multistage centrifugal pump (Grundfos CRNE). .................................................. 119 

Fig. A11. 6. Evolution of refrigerants...................................................................................... 120 

Fig. A11. 7. T-s diagram of water and various typical ORC fluids. .......................................... 120 

Fig. A11. 8. Main components of an ORC unit from TURBODEN. .......................................... 121 

Fig. A11. 9. Main components of an ORC unit from Air Squared. ......................................... 121 

Fig. A11. 10. (a) Module (empty dots) and total (plain dots) cost of ORC systems depending on 

the target application and on the net electrical power, (b) Machine and installation costs vs 

nominal power output. .......................................................................................................... 124 

Fig. A11. 11. ORC module and plant cost in ϵκƪ²Φ ................................................................ 125 

Fig. A11. 12. Example of biomass ORC unit. ........................................................................... 127 

Fig. A11. 13. Example of on-farm electricity production. ...................................................... 127 

Fig. A11. 14. Different ORC applications and total installed capacity of ORC systems per 

application. ............................................................................................................................. 129 

Fig. A11. 15. ORC heat sources: (1) Waste heat from power generation system, (2) Geothermal, 

(3) Biomass, (4) Solar. ............................................................................................................. 129 

Fig. A12. 1. Different methods of energy storage. ................................................................. 130 

Fig. A12. 2. Three processes involved with TES. .................................................................... 131 

Fig. A12. 3. Using thermal energy storage for solar energy applications. ............................. 135 

Fig. A13. 1. 240 kWh battery bank charge by solar panels on Gippsland Dairy Farm. .......... 136 

Fig. A13. 2. The energy system of Gbamu-Gbamu village in Nigeria. .................................... 136 

Fig. A13. 3. The Li-ion battery bank of Robben Island, one of the largest battery banks in the 

Southern Hemisphere. ........................................................................................................... 137 



 

12 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Fig. A13. 4. Working principle of a lead-acid battery. ............................................................ 137 

Fig. A13. 5. Schematic diagram of Ni-Cd battery energy storage system. ............................. 138 

Fig. A13. 6. Schematic of Ni-MH cell. ..................................................................................... 139 

Fig. A13. 7. Main components and operating principle of a lithium-ion cell. ........................ 140 

Fig. A13. 8. Schematic of Vanadium Redox Flow Cell. ........................................................... 141 

Fig. A13. 9. Schematic diagram of pumped hydro storage. ................................................... 141 

Fig. A14. 1. Hypothetical relation between welfare improvements and resulting benefits or 

costs. ....................................................................................................................................... 151 

Fig. A14. 2. Principles of precision feeding. ........................................................................... 154 

Fig. A15. 1. Environmental sensors installation locations in LVAT farm. ............................... 166 

Fig. A15. 2. General environment sensor (T&RH, NH3 and CO2) installed in ILVO farm. ...... 166 

Fig. A15. 3. Environmental sensors installation locations in AUA farm. ................................ 166 

Fig. A15. 4. Energy consumption and weather sensors installed in GOLI farm. .................... 167 

Fig. A16. 1. Principle of hybrid ventilation system installed in a cattle building. .................. 169 

Fig. A16. 2. Illustration of the airflow patterns via the supplied and exhausted air channels 

(patented). .............................................................................................................................. 170 

Fig. A16. 3. Schemes of a fattening pig building installed hybrid ventilation system............ 171 

Fig. A17. 1. Layout of a simple AHU. ...................................................................................... 175 

Fig. A17. 2. Schematic overview of a basic hydronic system. ................................................ 176 

Fig. A17. 3. Friction loss as a function of volume flow rate. .................................................. 178 

Fig. A17. 4. Schematic representation of an axial fan. ........................................................... 179 

Fig. A17. 5. Schematic representation of a centrifugal fan. ................................................... 179 

Fig. A17. 6. Fan and system characteristics............................................................................ 180 

Fig. A17. 7. Schematic representation of a centrifugal pump. .............................................. 181 

Fig. A17. 8. Balancing of pump and system characteristics in water distribution systems. .. 181 

Fig. A18. 1. Schematic representation of recuperators and regenerator type heat exchangers.

 ................................................................................................................................................ 185 

Fig. A18. 2. Schematic representation of a shell-and-tube heat exchanger. ......................... 185 

Fig. A18. 3. Schematic representation of a gasketed plate heat exchanger. ......................... 186 

Fig. A18. 4. Schematic representation of a plate-fine heat exchanger. ................................. 186 

Fig. A18. 5. Schematic representation of a tube-fin heat exchanger. ................................... 187 

Fig. A18. 6. Heat recovery ventilation in residential buildings. ............................................. 188 

Fig. A18. 7. Example of a ventilation air heat recovery system. ............................................ 189 

Fig. A18. 8. Ventilation air heat recovery system. ................................................................. 189 

Fig. A18. 9. Schematic representation of an air washer. ....................................................... 190 

Fig. A18. 10. Installation diagram for preparing domestic hot water with a heat pump and 

manure heat exchanger. ........................................................................................................ 191 

Fig. A18. 11. Schematic diagram of the milk cooling heat recovery system investigated. .... 192 

Fig. A19. 1. Schematic of the polytube ventilation system. ................................................... 193 

Fig. A19. 2. Schematic of the precision air supply system to cool cows (a) in head-to-head stalls 

and (b) in both reclining and standing postures. ................................................................... 193 

Fig. A19. 3. Schematic of the facility for fattening pigs with fogging system. ....................... 194 

Fig. A19. 4. Schematic of floor cooling systems with underground water in pig farm. ......... 194 



 

13 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Fig. A19. 5. Illustration of intelligent carbon fiber heater (ICFH): (a) exploded view of ICFH 

assembly, (b) photo of installed ICFH assembly, (c) photo of shell with temperature detection 

unit, and (d) location of temperature sensor on temperature detection unit. ..................... 195 

Fig. A19. 6. Photos of (a) ICFH treatment, (b) ICFH+light treatment, and (c) Incandescent heat 

lamp (IHL) treatment. ............................................................................................................. 195 

Fig. A19. 7. Functional-technological scheme of the installation of local floor-mounted heating 

of piglets using thermoelectricity. 1 is air cooler of cold circuit; 2 is fan; 3 are Peltier elements; 

4 is water cooler of hot junction; 5 is power and control unit; 6 is heat panel; 7 are temperature 

sensors; 8 is pipe; 9 is pump. ................................................................................................. 196 

Fig. A19. 8. Scheme of (a) working principle of the slurry technology and (b) heat pump 

operation to recover heat from slurry and generate hot water. ........................................... 197 

Fig. A20. 1. Comparison of total lifecycle energy consumption of Incandescent, CFL and LED 

bulbs. ...................................................................................................................................... 200 

Fig. A20. 2. Layout of the light pipe with (a) flat collector and (b) dome collector. .............. 201 

Fig. A21. 1. Envelope in livestock buildings. ........................................................................... 205 

Fig. A21. 2. Heat balance of a generic livestock house. ......................................................... 206 

Fig. A21. 3. Mechanical shading curtains. .............................................................................. 210 

Fig. A21. 4. Architecture of automatic shading curtains. ....................................................... 211 

Fig. A22. 1. Electric Vehicles Classification. ............................................................................ 218 

Fig. A22. 2. Electrification options. ......................................................................................... 219 

Fig. A22. 3. Landini REX4 Electra ς Evolving Hybrid. .............................................................. 221 

Fig. A22. 4. Farmtrac FT25G. .................................................................................................. 223 

Fig. A22. 5. Soletrac CET. ........................................................................................................ 223 

Fig. A22. 6. Soletrac eUtility. .................................................................................................. 224 

Fig. A22. 7. Soletrac eFarmer. ................................................................................................ 225 

Fig. A22. 8. Monarch tractor. ................................................................................................. 225 

Fig. A22. 9. John Deere GridCON. ........................................................................................... 226 

 

  



 

14 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

1 INTRODUCTION  

It is estimated that the livestock supply chains, including feed production, processing and transport as 

well as energy used on and off farm and post-farm emissions, contributed 14.5% of the total 

anthropogenic greenhouse gas emissions worldwide [1], and the proportion was up to 10% in the EU 

[2]. By improving manure management and adopting energy-saving technologies and low carbon 

energy, the emission could be reduced by approx. 30% [3]. Meanwhile, agriculture sector took up 3.3% 

of the final energy consumption in the EU in 2019 [4]. Hence, adopting renewable energy source and 

improving energy use efficiency of livestock building are vital for both animal welfare and sustainability 

of livestock sector.  

The concepts of zero-emission building and zero-energy building have been wildly addressed to reduce 

the emission and energy consumption of residential buildings by improving energy efficiency and 

adopting renewable energy sources. The European Commission proposed that all new buildings must 

be zero-emission from 2030 [5]. Up to date, plenty of renewable energy sources and energy efficiency 

technologies have been successfully applied in residential buildings. While the progress of 

transforming toward zero-emission and zero-energy is lagging in livestock sector. With the goal of 

achieving fossil-free livestock farming, this delivery aims to summary the market-available renewable 

energy sources and energy efficiency solutions, and further discuss their possible application in 

livestock farming. 

2 RNEWABLE ENERGY SOURCES  

The market-available renewable energy sources discussed in this delivery are as follows: 

Photovoltaic (PV) system is made up of one or more solar panels that converts the solar radiation into 

electrical energy. PV system is now a mature technology used for mainstream electricity generation. 

Solar thermal (ST) system transforms the solar energy into thermal energy. ST system is associated 

with passive heating and cooling technologies in buildings. 

Photovoltaic thermal collector (PVT), combination of PV and ST system, converts solar radiation into 

usable thermal and electrical energy spontaneously. 

Wind energy is transformed into usable electrical energy by wind turbine. Wind energy is one of the 

fastest-growing renewable energy technologies. 

Bioenergy, also known as energy from biomass. Bioenergy can be used to generate electricity, heat or 

transport fuel, as well and solid, liquid, and gaseous energy carriers. 

Biogas, production from organic waste. Power generation from biomass is currently the most popular 

and growing market worldwide. The application of biogas can transform the on-farm waste into 

valuable renewable energy and decrease the reliance on fossil-based energy. 

Hydrogen can be produced from methane or by electrolysis of water and provides a carbon-free 

process of energy utilization. The farm equipment like trucks and tractors could be powered by 

hydrogen. 
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Geothermal energy is the thermal energy in the Earth's crust which is estimated to be more than 

adequate to supply humanity's energy needs. The geothermal energy is typically used for heating and 

cooling of buildings. 

Combined heat power (CHP), also known as Cogenerations, uses heat engine or power station to 

generate electricity and useful heat at the same time. CHP systems allow for a substantial potential of 

increasing the energy efficiency and reducing the environmental impact. 

Heat pumps (HP) is used for extracting heat from a lower temperature zone or system and sending it 

to higher temperature space or system. It is an energy-efficient alternative to burners and works also 

for cooling. 

Organic Rankine Cycle (ORC) systems are used for power production from low to medium temperature 

heat sources. This technology allows for recovering low-grade heat that otherwise would be wasted. 

Thermal storage system is a technology that stores thermal energy by heating or cooling a storage 

medium, so that the stored energy can be used at a later time, e.g., for heating or cooling applications 

or power generation. 

Electrical storage system is a battery which is useful in a situation where it is impossible to generate 

electricity. The electrical storage system is essential for optimizing the sustainability of renewable 

energy sources. 

3 ENERGY EFFICIENCY SOLUTIONS  

The market-available energy efficiency solutions discussed in this delivery are as follows: 

Farming practices not only affect animal welfare but also determine on-farm energy consumption. 

Good practices e.g., precision feeding, manure management and optimized milking process are 

essential for improving indoor environment and reducing energy consumption. 

Barn monitoring and advanced control strategies employ market-available sensors to monitor 

environmental condition and energy consumption trend as baseline for developing smart control 

system to optimize indoor climate condition with minimum energy consumption. 

Smart ventilation (namely hybrid ventilation) combines the advantages of mechanical and natural 

ventilation. The indoor climate condition is controlled, and emission is collected by mechanical 

ventilation system, while energy consumed by fans is reduced via natural ventilation.  

Heating and cooling distribution systems are essential for guarantying the overall comfortable 

conditions of livestock farms. Optimising the heating and cooling distribution systems and combining 

with other renewable energy e.g., geothermal energy can largely reduce the on-farm energy 

consumption. 

Heat recovery can reduce the heating or cooling loads of livestock farm by transferring and reusing 

the thermal energy from waste streams (air and liquid). Consequently, the energy efficiency of 

heating/cooling system is improved, and operational cost of livestock farm is reduced.  

Local heating and cooling can precisely modify the local thermal environment of the individual animal 

for maintaining thermal comfort with minimum energy consumption. Meanwhile, local heating and 
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cooling can be achieved by combining with heat recovery or using renewable energy e.g. geothermal 

energy. 

Energy efficient lighting provides optimum lighting conditions for livestock welfare with lowest total 

life-cycle energy consumption and carbon footprint. Meanwhile, products as LED are free of mercury 

and have lower negative impact on the environment.  

Building envelops are fundamental for thermal insulation, which have great impact on the heating and 

cooling demand of buildings. Advance building material and mechanical shading products/control are 

essential for reducing energy consumption.  

Electric tractor is a hotspot in the electrification of farm machinery. The 100% battery-powered electric 

tractors can be charged by electricity powered by renewable energy e.g., wind energy, biogas, 

bioenergy, hydrogen, and geothermal energy. These diesel-free tractors also contribute to emission 

reduction. 

4 SUMMARY AND OUTLOOK  

Most of the summarized renewable energy sources and energy efficiency solutions are already mature 

and available in the market. Based on the farm type, farm location and farm energy demand, the 

combinations between renewable energy sources and energy efficiency solutions could be designed 

and implemented. The agricultural waste can also serve as renewable energy sources (bioenergy, 

biogas, and hydrogen) and reduce on-farm demand of fossil energy. As livestock farms are usually 

locate in remote and open area, solar energy, wind energy and geothermal energy could also be 

implemented in large scale which enlarge its energy self-sufficiency potential. The usage of high 

efficiency energy conversion machinery (combined heat power, organic Rankine cycle and heat pump) 

and thermal/electrical storage system generate an ideal fossil-free energy supply chain. Meanwhile, 

the application of energy efficiency solutions/products could further strengthen the sustainability of 

fossil-free livestock farming. 
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Appendix 1 : Photovoltaic systems  

1. Technical description 

1.1. Working principle 

The Photovoltaic (PV) cell is the semiconductor device that converts the light into electrical energy. 

The voltage induces by the PV cell depends on the intensity of light incident on it. The name 

Photovoltaic is because of their voltage producing capability [6]. 

A typical photovoltaic cell consists of semiconductor material (usually silicon) having a P-N junction. As 

illustrated in Fig. A1. 1, Sunlight striking the cell raises the energy level of electrons and frees them 

from their atomic shells. The electric field at the P-N junction drives the electrons into the N region 

while positive charges are driven to the P region. A metal grid on the surface of the cell collects the 

electrons while a metal back-plate collects the positive charges [7]. 

 

Fig. A1. 1. P-N junction of a semiconductor. 

Photovoltaic systems is made up of one or more solar panels, which in turn are made up of the 

previously named cells, combined with an inverter and other electrical and mechanical hardware. Each 

panel produces a relatively small amount of energy but can be linked together with other panels to 

produce higher amounts of energy as a solar array. The electricity produced from a solar panel (or 

array) is in the form of direct current (DC). Therefore, in order for the solar electricity to be useful it 

must first be converted from DC to AC using an inverter. This AC electricity from the inverter can then 

be used to power electronics locally, or be sent on to the electrical grid for use elsewhere [8]. 

 

Fig. A1. 2. Main components of a photovoltaic system. 
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1.2. Classification of PV system 

There are three typical classifications of solar PV system grid-tied, grid/hybrid and off-grid.  

Grid-tied system is a basic solar installation that uses a standard grid-tied inverter and does not have 

any battery storage. This is perfect for customers who are already on the grid and want to add solar to 

their house. These systems can qualify for state and federal incentives which help to pay for the 

system. Grid-tied systems are simple to design and are very cost effective because they have relatively 

few components. The main objective of a grid-tied system is to lower your energy bill and benefit from 

solar incentives. 

Grid-tied system with battery back-up is a grid tied system with battery back-up, otherwise known as 

a grid-hybrid system. This type of system is ideal for customers who are already on the grid who know 

that they want to have battery back-up. Good candidates for this type of system are customers who 

are prone to power outages in their area, or generally just want to be prepared for outages. 

Off-grid system ƛǎ ƎǊŜŀǘ ŦƻǊ ŎǳǎǘƻƳŜǊǎ ǿƘƻ ŎŀƴΩǘ Ŝŀǎƛƭȅ ŎƻƴƴŜŎǘ ǘƻ ǘƘŜ ƎǊƛŘΦ ¢Ƙƛǎ Ƴŀȅ ōŜ ōŜŎŀǳǎŜ ƻŦ 

geƻƎǊŀǇƘƛŎŀƭ ƭƻŎŀǘƛƻƴ ƻǊ ƘƛƎƘ Ŏƻǎǘ ƻŦ ōǊƛƴƎƛƴƎ ƛƴ ǘƘŜ ǇƻǿŜǊ ǎǳǇǇƭȅΦ Lƴ Ƴƻǎǘ ŎŀǎŜǎΣ ƛǘ ŘƻŜǎƴΩǘ ƳŀƪŜ ƳǳŎƘ 

sense for a person connected to the grid to completely disconnect and do an off-grid system. 

1.3. Components 

Solar panel 

A solar panel consists of many solar cells with semiconductor properties encapsulated within a material 

to protect it from the environment. These properties enable the cell to capture light, or more 

specifically, the photons from the sun and convert their energy into useful electricity through a process 

called the photovoltaic effect. On either side of the semiconductor is a layer of conducting material 

which "collects" the electricity produced. The illuminated side of the panel also contains an anti-

reflection coating to minimize the losses due to reflection. The majority of solar panels produced 

worldwide are made from crystalline silicon, which has a theoretical efficiency limit of 33% for 

converting the Sun's energy into electricity. Many other semiconductor materials and solar cell 

technologies have been developed that operate at higher efficiencies, but these come with a higher 

cost to manufacture [9]. 

Inverter 

An inverter is an electrical device which accepts electrical current in the form of direct current (DC) 

and converts it to alternating current (AC). For solar energy systems, this means the DC current from 

the solar array is fed through an inverter which converts it to AC. This conversion is necessary to 

operate most electric devices or interface with the electrical grid. Inverters are important for almost 

all solar energy systems and are typically the most expensive component after the solar panels 

themselves [9]. Most inverters have conversion efficiencies of 90% or higher and contain important 

safety features including ground fault circuit interruption and anti-islanding. These shut down the PV 

system when there is a loss of grid power [9]. 

Racking system 

Racking refers to the mounting apparatus which fixes the solar array to the ground or rooftop. Typically 

constructed from steel or aluminium, these apparatuses mechanically fix the solar panels in place with 
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a high level of precision. Racking systems should be designed to withstand extreme weather events 

such as hurricane or tornado level wind speeds and/or high accumulations of snow. Another important 

feature of racking systems is to electrically bond and ground the solar array to prevent electrocution. 

Rooftop racking systems typically come in two variations including flat roof systems and pitched roof 

systems. For flat rooftops it is common for the racking system to include weighted ballast to hold the 

array to the roof using gravity. On pitched rooftops, the racking system must be mechanically anchored 

to the roof structure. Ground mounted PV systems, can also use either ballast or mechanical anchors 

to fix the array to the ground. Some ground mounted racking systems also incorporate tracking 

systems which use motors and sensors to track the Sun through the sky, increasing the amount of 

energy generated at a higher equipment and maintenance cost [9]. 

Other Components 

The remaining components of a typical solar PV system include combiners, disconnects, breakers, 

meters and wiring. A solar combiner, as the name suggests, combines two or more electrical cables 

into one larger one. Combiners typically include fuses for protection and are used on all medium to 

large and utility-scale solar arrays. Disconnects are electrical gates or switches which allow for manual 

disconnection of an electrical wire. Typically used on either side of an inverter, namely the "DC 

disconnect" and "AC disconnect" these devices provide electrical isolation when an inverter needs to 

be installed or replaced. Circuit breakers or breakers protect electrical systems from over current or 

surges. Designed to trigger automatically when the current reaches a predetermined amount, breakers 

can also be operated manually, acting as an additional disconnect. An Electric meter measures the 

amount of energy that passes through it and is commonly used by electric utility companies to measure 

and charge customers. For solar PV systems, a special bi-directional electric meter is used to measure 

both the incoming energy from the utility, and the outgoing energy from the solar PV system. Finally, 

the wiring or electrical cables transport the electrical energy from and between each component and 

must be properly sized to carry the current. Wiring exposed to sunlight must have protection against 

UV exposure, and wires carrying DC current sometimes require metal sheathing for added protection 

[9]. 

1.4. Types of panels 

Monocrystalline: To make solar cells for monocrystalline solar panels, silicon is formed into bars and 

cut into wafers. These types of panels ŀǊŜ ŎŀƭƭŜŘ άƳƻƴƻŎǊȅǎǘŀƭƭƛƴŜέ ǘƻ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ ǎƛƭƛŎƻƴ ǳǎŜŘ ƛǎ 

single-crystal silicon. Because the cell is composed of a single crystal, the electrons that generate a 

flow of electricity have more room to move [10]. 

Polycrystalline: Polycrystalline solar panels are also made from silicon. However, instead of using a 

single crystal of silicon, manufacturers melt many fragments of silicon together to form the wafers for 

ǘƘŜ ǇŀƴŜƭΦ tƻƭȅŎǊȅǎǘŀƭƭƛƴŜ ǎƻƭŀǊ ǇŀƴŜƭǎ ŀǊŜ ŀƭǎƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƳǳƭǘƛ-ŎǊȅǎǘŀƭƭƛƴŜΣέ ƻǊ Ƴŀƴȅ-crystal silicon. 

Because there are many crystals in each cell, there is less freedom for the electrons to move [10]. 

Thin Film: A thin-film solar cell is a second generation solar cell that is made by depositing one or more 

thin layers, or thin film (TF) of photovoltaic material on a substrate, such as glass, plastic or metal. Thin-

film solar cells are commercially used in several technologies, including cadmium telluride (CdTe), 

copper indium gallium diselenide (CIGS), and amorphous thin-film silicon (a-Si, TF-Si). 
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Fig. A1. 3. Photos of (a) monocrystalline solar panel, (b) Polycrystalline solar panel and (c) thin-film solar cell. 

1.5. Electrical output characteristics 

The electrical characteristics of a photovoltaic array are summarised in the relationship between the 

output current and voltage. The amount and intensity of solar insolation (solar irradiance) controls the 

amount of output current (I), and the operating temperature of the solar cells affects the output 

voltage (V) of the PV array [11]. As Fig. A1.4 shows, Solar cell I-V characteristic curves that summarise 

the relationship between the current and voltage are generally provided by the panels manufacturer 

and are given as: 

Open-Circuit Voltage (VOC) is the maximum voltage that the array provides when the terminals are 

not connected to any load (an open circuit condition). This value is much higher than Vmp which relates 

to the operation of the PV array which is fixed by the load. This value depends upon the number of PV 

panels connected together in series [11]. 

Short-Circuit Current (ISC): The maximum current provided by the PV array when the output 

connectors are shorted together (a short circuit condition). This value is much higher than Imp which 

relates to the normal operating circuit current [11]. 

Maximum Power Point (MPP) relates to the point where the power supplied by the array that is 

connected to the load (batteries, inverters) is at its maximum value, where MPP = Imp ϊ Vmp. The 

maximum power point of a photovoltaic array is measured in Watts (W) or peak Watts (Wp) [11]. 

Fill Factor (FF) is the relationship between the maximum power that the array can actually provide 

under normal operating conditions and the product of the open-circuit voltage multiplied by the short-

circuit current, (VOC x ISC) This fill factor value gives an idea of the quality of the array and the closer 

the fill factor is to 1 (unity), the more power the array can provide. Typical values are between 0.7 and 

0.8 [11]. 

Percent Efficiency (eff) is the efficiency of a photovoltaic array is the ratio between the maximum 

electrical power that the array can produce compared to the amount of solar irradiance hitting the 

array. The efficiency of a typical solar array is normally low at around 10-12%, depending on the type 

of cells (monocrystalline, polycrystalline, amorphous or thin film) being used [11]. 
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Fig. A1. 4. I-V characteristic curve of a panel. 

Photovoltaic panels can be wired or connected together in either series or parallel combinations, or 

both to increase the voltage or current capacity of the solar array. If the array panels are connected 

together in a series combination, then the voltage increases and if connected together in parallel then 

the current increases. The electrical power in Watts, generated by these different photovoltaic 

combinations will still be the product of the voltage times the current, (P=V ϊ I). However the solar 

panels are connected together, the upper right hand corner will always be the maximum power point 

(MPP) of the array [11]. Some solar panels are rated at slightly higher or lower voltages than others of 

the same wattage value, and this affects the amount of current available and therefore the panels 

MPP. Other parameters also important are the open circuit voltage and short circuit current ratings 

from a safety point of view, especially the voltage rating. An array of six panels in series, while having 

a nominal 72 volt (6 x 12) rating, could potentially produce an open-circuit voltage of over 120 volts 

DC, which is more than enough to be dangerous [11]. 

1.6. Electrical Output based on sizes 

The size of the PV panel depends on the quantity of cells that compose it, summarized in Table A1. 1.  

Table A1. 1. Capacity of the panel depending on the size. 

Number of cells Capacity 

ос ǎƻƭŀǊ ŎŜƭƭǎ !ǇǇǊƻȄƛƳŀǘŜƭȅ мрл ² ŀƴŘ ŀǊŜ ǳǎŜŘ ŦƻǊ мн ± ōŀǘǘŜǊƛŜǎ 

сл ŎŜƭƭǎ ŀƴŘ мнл ƘŀƭŦ ŎŜƭƭǎ 
.ŜǘǿŜŜƴ онл ² ŀƴŘ опл ² ŦƻǊ ǎŜƭŦπŎƻƴǎǳƳǇǘƛƻƴΦ ¢ƘŜȅ ŀǊŜ ŀƭǎƻ ƻŦǘŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ нп ± 

ǎƻƭŀǊ ǇŀƴŜƭǎΦ 
тн ŎŜƭƭǎ ŀƴŘ мпп ƘŀƭŦ ŎŜƭƭǎ .ŜǘǿŜŜƴ оур ² ŀƴŘ пмр ²Σ ŦƻǊ ǎŜƭŦπŎƻƴǎǳƳǇǘƛƻƴ ŀƴŘ ŀƭǎƻ ŀƭƭƻǿ ŎƘŀǊƎƛƴƎ нп ± ōŀǘǘŜǊƛŜǎΦ 

{ƘƛƴƎƭŜ /Ŝƭƭǎ 
! ǘȅǇŜ ƻŦ ǇŀƴŜƭ ǿƛǘƘ ǾŜǊȅ ŀŘǾŀƴŎŜŘ ǘŜŎƘƴƻƭƻƎȅ ǿƘŜǊŜ ǇƘƻǘƻǾƻƭǘŀƛŎ ŎŜƭƭǎ Ŏǳǘ Ϧƛƴ ǘƛƭŜǎϦ ŀǊŜ 
ƧƻƛƴŜŘ ǎƻ ǘƘŀǘ ǘƘŜȅ ōŜƘŀǾŜ ƭƛƪŜ ŀ ϦǎǳǇŜǊ ŎŜƭƭϦΦ ¢ƘŜ ƴǳƳōŜǊ ƻŦ ǎƻƭŀǊ ŎŜƭƭǎ Ŏŀƴ ǾŀǊȅ 

IŀƭŦ /Ŝƭƭ 
¢ƘŜȅ ŀǊŜ ǇƘƻǘƻǾƻƭǘŀƛŎ ŎŜƭƭǎ Ŏǳǘ ƛƴ ǘǿƻ ŀƴŘ ǎŜǊƛŀƭƛȊŜŘΦ Lǘ Ƙŀǎ ǘƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ƛƳǇǊƻǾƛƴƎ ǘƘŜ 
ǇŜǊŦƻǊƳŀƴŎŜ ƛƴ ǎƘŀŘƻǿǎ ōǳǘ ŀ ƎǊŜŀǘ ŘƛǎŀŘǾŀƴǘŀƎŜ ƛǎ ǘƘŀǘ ǘƘŜ ǿŜƭŘǎ ŀƴŘ ƳŜǘŀƭ ŎƻƴǘŀŎǘǎ 

ŀǊŜ ŘǳǇƭƛŎŀǘŜŘΣ ǎƻ ǘƘŜȅ ŀǊŜ ƳƻǊŜ ŜȄǇƻǎŜŘ ǘƻ ŦŀƛƭǳǊŜǎ 

 

The size of the panel ranges between 200 (height) x 100 (width) cm and 110 (height) x 100 (width) cm, 

leaving us an average size of 165 cm (height) x 100 cm (width). 
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1.7. Mechanical constructions 

Construction of the mechanical portion of a PV system design involves a review of drawings, assembly 

instructions, material selection, engineering documentation, and weather sealing. Drawings and 

engineering documentation are particularly important to local jurisdictions reviewing the system plans 

to prove that the structure does not pose a safety hazard. It's critical to provide detailed instructions 

for the installation of the different structural parts so that installers knowledgeable with the system 

can put the structure together correctly and efficiently. Some important considerations of the 

mechanical constructions are Guidelines and Drawings, Mounting Design, Array Assembly 

Instructions and Hardware, Structural Assembly Instructions and Hardware and Weather Sealing. 

1.8. Installation and maintenance 

1.8.1. Installation 

A typical commercial PV cell with a surface area of 25 square inch produces about 2 W of power under 

peak sunlight conditions. If sunlight intensity is 40% of peak, the cell produces about 0.8 W. To become 

useful as an electrical energy source, PV cells must be connected in series and/or parallel circuit 

configurations to produce hiƎƘŜǊ ǾƻƭǘŀƎŜǎ ŀƴŘ ŎǳǊǊŜƴǘΦ ²ƛǊƛƴƎ ƳƻŘǳƭŜǎ ƛƴ ǎŜǊƛŜǎ ǘƻ ǇǊƻŘǳŎŜ άǎǘǊƛƴƎǎέ 

increases voltage, wiring the strings together in parallel increases current. An array of 30 135 W rated 

modules can produce 4 kW [12]. 

Manufacturers combine PV cell circuits in sealed environmentally protective laminate to construct PV 

modulesτthe fundamental building blocks of PV generating systems. PV panels include several PV 

modules assembled and pre-wired to be field-installable. A PV array is a complete power-generating 

unit, which can include any number of PV modules and panels [12]. 

PV arrays can be placed on the roof of a facilityτas with the store in Bakersfieldτ or on land adjacent 

to the facility. Typically, solar arrays require around 3 to 5 acres/MW. Roof and building-mounted 

arrays maximize the total sunlight-collection footprint available for a site. However, the potential for 

roof penetrations and roof loading as well as their consequences should be considered [12]. The 

conceptual basis for nearly every useful solar energy installation starts with the PV panels collecting 

sunlight. The PV array supplies dc voltage to an inverter, which converts the dc into 60 Hz ac. The ac 

from the inverter supplies energy to the facility or home [12]. 

Depending on the facility requirements, a system can also include any number of dc switching and 

protection devices, such as dc combiner boxes, circuit breakers, disconnect switches, and contactors. 

! άǊŜŀƭ-ǿƻǊƭŘέ ǎȅǎǘŜƳ ŀƭǎƻ ƛƴŎƭǳŘŜǎ ŀŎ ǎǿƛǘŎƘƛƴƎ ŀƴŘ ǇǊƻǘŜŎǘƛƻƴ ŘŜǾƛŎŜǎ ǎǳŎƘ ŀǎ ŀŎ ǇŀƴŜƭ boards and 

switchboards, disconnect switches, circuit breakers, low- and medium-voltage switchgear, and low- 

and medium-voltage transformers. Some installations may also have batteries, automatic transfer 

switching units, monitoring and metering equipment, and devices that allow electricity to be back-fed 

to the grid [12]. 

Functional and operational requirements, component configurations, and how the equipment 

connects to other power sources and electrical loads determine PV power system classifications. The 

two main classifications are grid-connected (or utility-interactive) systems and stand-alone systems. 

Grid-connected systems operate while interconnected with the utility grid. Besides the PV array itself, 

the main component in a grid-connected system is the inverter. The PV system, specifically the 
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inverter, interfaces bi-directionally with the electric utility network, typically at an on-site distribution 

panel or service entrance [12]. 

1.8.2. Maintenance 

Maintenance requirements for PV installations depend on the type of system design and equipment 

used. Some installations require very little attention, perhaps just annual inspections. Othersτ

especially those with batteriesτmay require maintenance intervals of four to six months, or even 

ŎƻƳǇƻƴŜƴǘ όǳǎǳŀƭƭȅ ōŀǘǘŜǊȅύ ǊŜǇƭŀŎŜƳŜƴǘǎ ƻǾŜǊ ǘƘŜ ǎȅǎǘŜƳΩǎ ƭƛŦŜǘƛƳŜ [12]. Typical maintenance items 

that PV installations may require include: 

¶ Inspecting wiring connections and terminations for looseness and corrosion 

¶ Inspecting wiring harnesses to ensure they are neatly bundled and protected 

¶ Inspecting the PV array for cleanliness, absence of damage, and structural integrity 

¶ Inspecting roof penetrations and weather sealing 

¶ Maintaining batteries, which may include cleaning, adding electrolyte, charge equalization, 

and replacement if needed [12]. 

1.9. Selection of appropriate type model 

There is not a one solution PV system for Solar PV arrays, in fact, can vary greatly in terms of general 

design, size, and application. That's why it's critical for customers to know exactly what they're looking 

for when choosing to buy a solar array. When selecting a solar PV system, the two most important 

factors to consider are the system's size and the type of solar cells it contains. 

Right Sizing a Solar PV System: From an investment aspect, choosing the proper solar PV system is 

critical - too small a system and buyers' energy demands will go unfulfilled; too large a system and 

buyers will overspend on a system that provides too much electricity and may fail to generate a return 

on their investment. The first step for consumers is to determine how much electricity they require for 

their system to produce. Assuming a standard solar PV system with no energy storage, buyers should 

figure out how much electricity they use during the day so they can choose a system that meets their 

needs. Because solar PV systems only generate electricity during daylight hours, this is critical. The only 

exception is if a farmer has or wishes to invest in an energy storage system that allows them to use 

electricity generated by their solar PV system at any time of day or night. Consumers should be aware 

that daylight hours vary by geographical location and even by season, so they should be aware of local 

conditions. 

Selecting the Right Solar Cell: Another major consideration is what type of solar cell you want within 

your PV system since different modules generate different levels of electricity per square foot than 

others. At a very basic level, monocrystalline silicon systems have traditionally been known for being 

the most efficient type of solar cell - generating the most electricity relative to size; however, they are 

also the most expensive. Polycrystalline silicon cells are less efficient than monocrystalline arrays, but 

they're also less costly. And they are a particularly good choice for climates that have more overcast 

days. Finally, thin film technologies are also a new option that are becoming increasingly popular - 

they're typically as efficient as polycrystalline models and are cost-competitive. 

2. Performance 

2.1. Factors affecting the performance 
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2.1.1. Type of panel 

Monocrystalline solar panels have the highest efficiency rates, typically in the 15-20% range, and tend 

to be more efficient in warm weather. Polycrystalline panels have lower efficiency rates typically in the 

13-16 % range and tend to have lower heat tolerance. 

2.1.2. Work temperature 

Most solar radiation reaching a PV cell is converted not into electricity but into thermal energy which 

increase the cell temperature. Temperature increases in photovoltaic (PV) modules lead to immediate 

efficiency losses and can accelerate long-term degradation. Silicon PV modules operated at elevated 

temperatures exhibit lower efficiency in converting solar energy into electrical energy. A 1K increase 

in crystalline silicon cell temperature typically decreases absolute conversion efficiency by 0.08%, 

reducing power output by 0.45%. A 15K temperature rise thus reduces power output by about 7%. 

2.1.3. Location 

For the calculation of the energy production of a photovoltaic installation, it is essential to know the 

solar irradiation in the plane corresponding to the installation and the solar path in the place at the 

different times of the year. The situation of the sun at any time is determined by the height and 

azimuth of the sun [13]. The performance of photovoltaic panels is influenced by their orientation and 

tilt (inclination), which affects the amount of producible energy [13]. 

2.2. Efficiency 

The ability of a solar panel to convert sunlight into useful electricity is measured by the efficiency of 

the panel. When the sun shines on a solar panel with a 20% efficiency rating, for example, 20% of the 

sun's energy is transformed to solar energy. If two solar panels with differing efficiency ratings are 

exposed to the same quantity of sunlight for the same period of time, the more efficient panel will 

produce more power than the less efficient panel. The production of electricity by solar cells 

determines the efficiency of solar panels, which is impacted by the composition of the cells, their 

electrical configuration, the surrounding components, and other factors. 

2.3. Life cycle Emissions 

Statistical analysis of different studies and estimates reveals a range of greenhouse gas emissions over 

the course of solar PV's lifecycle at the extremely low end of 1 g CO2-eq/kWh and the high end of 218 

g CO2-eq/kWh. Accounting for the average values of emissions associated with each part of solar PV's 

lifecycle, the mean value reported is 49.9 g CO2-eq/kWh, numbers providing estimates for operation 

and maintenance and decommissioning is low. At the end, cultivation and fabrication are responsible 

for about 71% of solar PV's emissions, followed by construction (19%), operation (13%), and 

decommissioning, which offset 3.3% of emissions [14]. 

2.4. Stability 

The correct operation of a photovoltaic system depends on multiple factors throughout its life. 

These vary from small occasional changes during the day, such as the interposition of clouds, to the 

season in which we are. That is why the functional stability of photovoltaic systems can become 

irregular. Fortunately, the implementation of inverters, meters, regulators and other types of 
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monitoring has managed to give this chaotic source of energy a certain stability. This may not help to 

improve energy production during the months with less favorable values, but it ensures constant 

energy during day-to-day climatic changes, and a correct annual operation. For these reasons, it is very 

important to pay attention to the local climate where we intend to establish the installation and to 

establish a safe monitoring system. 

2.5. Practical lifetime 

Lifetime is difficult to quantify because most PV systems introduced are still in operation or were 

ǇǊƻŘǳŎŜŘ ƛƴ ǘƘŜ ŜŀǊƭȅ ǎǘŀƎŜǎ ƻŦ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅΩǎ ŘŜǾŜƭƻǇƳŜƴǘΦ IƻǿŜǾŜǊΣ Ƴŀƴȅ ǊŜǎŜŀǊŎƘŜǊǎ ƘŀǾŜ 

studied the life expectancy of components in PV systems as below.  

¶ PV Modules: 25-50 years for mature module technologies. 

¶ Inverters: 15 years for small plants or residential PV systems; 30 years with 10%-part 

replacement every 10 years for large plants. 

¶ Structure: 30 years for rooftop- and facade-mounted units, and between 30 to 60 years for 

ground-mounted installations on metal supports. 

¶ Cabling: 30 years. 

Monocrystalline has a minimum lifespan of 25 years and can last more than 50. Meanwhile, 

polycrystalline have a lifespan range around 25 years. Due to the up-to-day recycling technology [15], 

that more than 88% of the materials that make up a photovoltaic panel are recoverable. 

3. Cost 

3.1. Operation or Maintenance Cost 

The annual maintenance and recurring costs are almost negligible, since there are no moving parts, 

and the input fuel (sunlight) is free. For optimum performance, the system only requires cleaning of 

modules and basic preventive and corrective maintenance. However, for off-grid systems where 

batteries are used, the maintenance costs are higher on account of battery replacement every 3-5 

years. To ensure high generation and low maintenance cost, regular monitoring through data loggers 

is highly recommended. Typically, the maintenance costs for smaller Solar PV systems is about 2% of 

the initial system cost, and for larger systems is about 1% of the initial cost [16].  

¢ƘŜ ǘǿƻ ǇǊƛƳŀǊȅ ŀǎǇŜŎǘǎ ƻŦ ƳŀƛƴǘŀƛƴƛƴƎ ŀ ǎƻƭŀǊ t± ǎȅǎǘŜƳ ŀǊŜΥ мύ ǘƻ ǊŜƎǳƭŀǊƭȅ ƳƻƴƛǘƻǊ ȅƻǳǊ ǎȅǎǘŜƳΩǎ 

performance through the data logger and 2) to clean the panels about 6-10 times in a year.  

Beyond this, it is advisable to have your installer conduct at least two visits in a year just to check the 

general health of your system. 

3.2. Tariff 

Feed-In Tariff: A Feed-in tariff is the rate/cost at which you sell the electricity generated by your solar 

system to your DISCOM either via net-metering or gross metering. This tariff rate varies from state to 

state depending upon the solar policy of the state. The tariff also differs across consumer categories. 

This tariff is often referred to as net feed-in tariff in case of net-metering and gross feed-in tariff in case 

of gross metering [17]. 
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Solar Tariff: Solar tariff is the rate/cost at which you purchase the electricity from the installer/owner 

of a solar system under a Power Purchase Agreement (PPA). The rate is agreed upon for a certain 

period of time as per the clause of the agreement. This insulates you from any tariff hike in the near 

future. However, the solar tariff may be subject to an increase depending on the terms and conditions 

of the signed agreement1. 

3.3. Cost savings 

PV projects are long-term investments, highlighting the fact that solar panel manufacturers guarantee 

at leasǘ ул҈ ƻŦ ƛƴƛǘƛŀƭ ǇǊƻŘǳŎǘƛƻƴ ƻǾŜǊ ǘƘŜ t± ǎȅǎǘŜƳΩǎ нр ȅŜŀǊs lifetime. Cost saving of solar system 

depends on a number of factors. Direct hours of daily sunlight, sun tracking system and size and angle 

of your roof are both important, but local electricity rates play the biggest role in determining how 

much solar can save. 

3.4. Return on Investment (ROI) 

SƻƭŀǊ t± ǎȅǎǘŜƳǎ Ŏƻǎǘ ōŜǘǿŜŜƴ ϵ мΣсот ŀƴŘ ϵ нΣлпр ǇŜǊ ƪ²Ǉ ƻŦ ƛƴǎǘŀƭƭŜŘ ŎŀǇŀŎƛǘȅΣ ŘŜǇŜƴŘƛƴƎ ƻƴ ǎȅǎǘŜƳ 

size and complexity. To give an accurate quote, factors such as ease of access to the roof, the nature 

of mounting system / roof covering, the length of cable runs, and shading and monitoring requirements 

needed to be taken into consideration. The table below gives some sample system outputs, based on 

a nearly east facing expected to generate 866 kWh per kWp (PVGIS forecast). An optimal south facing 

system is expected to generate 985 kWh per kWp and the returns will be even higher [18]. 

Table A1. 2. ROI for different system sizes. 

{ȅǎǘŜƳ ǎƛȊŜ όƪ²Ǉύ !ƴƴǳŀƭ ƎŜƴŜǊŀǘƛƻƴ όƪ²Ƙύ ¢ƻǘŀƭ ŀƴƴǳŀƭ ǎŀǾƛƴƎǎ όϵύ whL ό҈ύ 

н мстр нмл 5 
о нтфн орл 8 
п оорл пнл 9 
мл усрф ммсп 10 
ол нрфсу опфл 14 
рл пнффо ртул 16 

 

3.5. Funding schemes 

There are a number of different financing schemes that can be used to raise money for solar PV. Some 

of them are self-funding, mezzanine financing, crowdfunding [19]. 

3.6. Possible suppliers 

Table A1. 2. PV panel suppliers. 

bŀƳŜ /ƻǳƴǘǊȅ 

{ƻƭŀǊ²ƻǊƭŘ DŜǊƳŀƴȅ 
v ŎŜƭƭǎ {ƻǳǘƘ YƻǊŜŀ ϧ DŜǊƳŀƴȅ 
tƘƻǘƻǿŀǘǘ CǊŀƴŎŜ 
!ǘŜǊǎŀ {Ǉŀƛƴ 
¢Ǌƛƴŀ {ƻƭŀǊ /Ƙƛƴŀ 
/ {ǳƴ /Ƙƛƴŀ 
5Ŝƭ{ƻƭŀǊ ¢ŀƛǿŀƴΣ /Ƙƛƴŀ 

 
1 https://www.itsmysun.com/faqs/what-is-solar-tariff/   

https://www.itsmysun.com/faqs/what-is-solar-tariff/
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4. Applications 

4.1. Existing farming applications 

Solar electric energy can be used to move sprinkler irrigation systems [20]. PV systems are also 

extremely well-suited for pumping water for livestock in remote pasture, where electricity from power 

lines is unavailable (EREC, 2002) [21]. 

4.2. Existing non farming applications 

PV systems have been widely used to provide supplemental power source for homes, businesses, 

municipalities, military installations, etc. 

4.3. Typical combinations with other technologies 

Photovoltaic system can be feasibly combined with other renewable energy solution such as 

geothermal, wind energy, solar thermal system etc. 

The generated electric energy could also be stored in electrical storage system. 

  



 

29 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

Appendix 2 : Solar thermal systems  

1. Technical description 

1.1. Working principle 

Contrary to the photovoltaic panels which convert it directly into electricity, the solar thermal panels 

transform the energy from the sun into heat. The purpose of using this technology is to get hot water 

or hot air for heating/cooling applications. The heat can also be converted into power using other 

engines/machines, but this report will focus on the heat only. 

In order to convert the sun rays into thermal energy, solar thermal panels use an absorber which will 

absorb the sun rays and transform this energy into heat. The absorber can be made from copper, or 

aluminium, because of their good thermal conductivity. Its absorption coefficient (ratio), necessary for 

the solar thermal efficiency, will depend on the material used. Then by conduction, the absorber will 

transfer this heat to tubes in which flows the fluid we want to be heated. Here, it is important for the 

tubes to get an important conduction transfer (usually copper tubes). The type of fluids used can be 

liquid ones, or air: water, oil, salts, air, nitrogen, helium are some examples. Usually, the liquid heat 

transfer fluid is a mix of glycol and water, the glycol being used for its antifreeze properties. 

To avoid the loss of heat in the environment, solar panels also have an insulation part, on their bottom 

face. Furthermore, the panels can be glazed or not, depending on the application; the glazing being 

used as a protection usually (against dust for instance) but also permitting to avoid some energy losses. 

The solar thermal panels can either be active or passive. If passive, not other components than the 

collector are needed for their running. At contrary, an active solar thermal panel means other 

technological and mechanical devices are needed for its running such as pumps, sensors, controllers, 

check valves etc. In some cases, a heat exchanger is also needed. 

Nonetheless, no matter if the systems are passive or active, for both need a storage tank would be 

necessary to store the hot fluid. The storage capacity of the solar thermal gives them advantages 

compared to photovoltaic panels. 

1.2. Classification 

1.2.1. Collectors 

There are different types of solar thermal collectors and can be divided into two main types as non-

concentrating collectors and concentrating collectors, as illustrated in Fig. A2. 1.  

The non-concentrating collectors ŀǊŜ ǘƘŜ ƻƴŜǎ ǿƘƻΩǎ ǘƘŜ ŀōǎƻǊǇǘƛƻƴ ŀǊŜŀ ƛǎ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ 

intercepting area. They include flat plate and ETC (evacuated tube collector). The flat plate collector 

can be either glazed or unglazed, and the ETC can have either direct flow or heat pipe. 

The concentrating collectors are the ones which intercept the sun rays in a much smaller area, thanks 

to a specific geometry/design, which includes an increased flux. They include CPC, parabolic dish, 

parabolic trough, and solar tower. They usually use different types of heat transfer fluids: the parabolic 

trough can have Molten Salt for instance. 
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Fig. A2. 1. Classification of the different types of solar thermal collectors. 

¶ Flat-plate collector is usually made of an outer cover, an inner one, (glazing cover), a black 

absorber plate, a fluid conduit, an insulation material, and a collector box. The three most 

ƛƳǇƻǊǘŀƴǘ ǇŀǊǘǎ ƻŦ ǘƘŜǎŜ ŎƻƭƭŜŎǘƻǊǎ ŀǊŜ ǘƘŜ ŀōǎƻǊōŜǊΣ ŀ ōƭŀŎƪ ǎǳǊŦŀŎŜ άŜƴŜǊƎȅ ŀōǎƻǊōƛƴƎέΣ which 

will transfer this energy to a fluid, a back insulation to reduce some conduction losses and a 

transparent envelope which will reduce both convection and radiation losses. Water and air 

heaters are quite similar, except the fact that for the water heater, the fluid conduits are tubes 

and for the air heater these conduits are ducts.  

Furthermore, usually these collectors do not require any tracking systems. They are usually 

fixed in position, as a part of the roof/wall structure, and so oriented appropriately. In the 

northern hemisphere, their orientation should be south and the contrary for the northern 

hemisphere. 

¢ƘŜƛǊ ǿƻǊƪƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ Ŏŀƴ Ǝƻ ŦǊƻƳ ƳƻŘŜǊŀǘŜ ƻƴŜ ǘƻ млл ϲ/ ŀōƻǾŜ ŀƳōƛŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜΦ 

ά!ǘ ŀƴ ŀƳōƛŜƴǘ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ олϲ/Σ ŀōǎƻǊōŜŘ ǎƻƭŀǊ ǊŀŘƛŀǘƛƻƴ ƻŦ мллл ²κƳчΣ ŀƴŘ ¦[ ƛƴ ǘƘŜ 

ǊŀƴƎŜ ƻŦ уΦоо ǘƻ оΦтл ²κƳч ϲ/ ŦƻǊ ǎƛƴƎƭŜ-cover flat-plate collectors (nonselective to highly 

ǎŜƭŜŎǘƛǾŜ ŀōǎƻǊōŜǊǎύΣ ǘƘŜ ƳŀȄƛƳǳƳ ŜǉǳƛƭƛōǊƛǳƳ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜǎ ŦǊƻƳ мрл ǘƻ олл ϲ/Φέ [22]. 

For low temperatures, an antifreeze fluid can be used. Corrosion phenomenon should also be 

considered. 

¶ Evacuated Tube collectors (ETC) is interesting for their anti-freezing/overheating properties. 

They are also usually more efficient than flat plate solar thermal collector. They are 

compounded of 10 to 30 tubes connected to a header pipe to form a panel.  

The ETC tubes are made of glass in which appears a heat pipe. This heat pipe is made of copper 

and has a black copper fin acting as the absorber. This one will heat a phase change material 

fluid. A condenser, at the end of the tube, will permit to condensate the gas (created during 

the evaporation of the initial liquid due to hot temperatures) into liquid. The latent 

vapor/energy released during this transformation will be transferred to an antifreeze fluid 

(water+ glycol for example) thanks to a heat exchanger, and this heated fluid will give its heat 
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to water for hot water applications systems, or air for heating systems, again with the help of 

a heat exchanger [23].  

 

Fig. A2. 2. Scheme of (a) flat -plate collector and (b) evacuated tube collector. 

1.2.2. Systems 

The system can be catalogued as active and passive as shown in Fig. A2. 3 [24]. A passive water heater 

is also called natural circulation system or thermosyphon. In this system, a tank is located on the top 

of the receiver and the water heated by the collector will remain on the top because of a density 

difference. The water will circulate by convection, there is no need of pumps or electricity. Because of 

the tank which might be heavy, the contractors must consider the roof design. Another type of passive 

solar system is ICS. ICS is usually cheaper than thermosyphon. They are usually not adapted to cold 

climates, but mid-freeze ones instead, due to the risk of freezing for the outdoor pipes. 

In an active system, or so called forced-circulation systems, the use of a pump is required. A differential 

thermostat will control when this pump can be turn on: usually it is when the difference between the 

top header and the bottom of the tank is positive and sufficient. A check valve can also be part of these 

system; its aim is to prevent the phenomenon of reverse circulation and the thermal losses implied 

that can happen in the night-time. A non-freezing fluid can also be used in an active system: in this 

case, a heat exchanger with water is needed so that we have hot water at the end (if it is for a water 

heater application; otherwise, it can be air also, for heating applications). This system is called indirect 

circulation system and is popular in climates where freezing temperatures might be reached. If only 

water is used on an active solar thermal system and flows from the collectors directly to the household, 

through a pump, then it is called a direct circulation system. These systems are more used in climates 

not prone to low temperatures. 

Globally, the passive solar thermal systems are the cheapest of all solar systems. They can also have a 

longer longevity and a better reliability. They are nonetheless usually less efficient than active solar 

systems. 
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Fig. A2. 3. Scheme of (a) passive direct system and (b) active indirect one-tank system.  

1.3. Mechanical construction 

The production process for the collectors consists in different steps such as first the metals 

transformation and then the assembly of these parts with other components. The collector, water tank 

and support, after their production are packed and stored in warehouses and thereafter sold from 

external companies which can transport and install them to the final users. The materials used in the 

production process are really important for the global performance of the solar thermal system. 

Typical construction of solar collector is shown in Fig. A2. 4.  

 

Fig. A2. 4. Scheme of solar collector. 

The polyurethane foam is used both for the collector and the tank for insulation purposes. It ensures 

good performances and reduced heat losses. However, this material should be in a dry environment 

to maintain all its qualities. Avoiding the moisture which can appears in solar collectors because of the 

air trapped, in the assembly process, can be avoided with desiccants (moisture absorbers).  

The enclosure which supports the collector and glazing, has also for purpose to protect it against heat 

losses due to the environment (the wind for instance), to avoid the moisture and keeping the system 

dry (or at least protecting it from the adverse effects of the rain/humidity). It furthermore contains the 
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insulation part. This solar collector part can be made from wood, aluminium, galvanized steel, and in 

any case should be fireproof, resistant to the weather, perfectly sealed (to avoid moisture intrusion), 

being stable and durable. Usually, aluminium and galvanized steel are the most used, but fiberglass 

reinforced plastic can be too. 

The components chosen for the absorber are also very important. Copper was the main material for 

years, until the prices increased, and other solutions were searched to replace it. Aluminium can be 

used even though this material is not as conductive as cooper. 

It is also possible to use selective coatings to improve the performance. They can work better than a 

normal coating in poor conditions (low irradiance). They permit a bigger solar radiation proportion to 

be converted into heat. Black chrome can be used, and titanium-nitride-oxide for this purpose [25]. 

1.4. Installation and maintenance 

The installation of a solar thermal panel requires a professional, considering the different parameters 

ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ǎǳŎƘ ŀǎ ǘƘŜ άǎƻƭŀǊ ǊŜǎƻǳǊŎŜΣ ŎƭƛƳŀǘŜΣ ōǳƛƭŘƛƴƎ ŎƻŘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ŀƴŘ ǎŀŦŜǘȅ 

ǇǊƻōƭŜƳέ [26]. However, the maintenance of a solar thermal panel will depend on the technology 

chosen. As a matter of fact, the passive system requires less maintenance (almost not maintenance at 

all) than the active ones. It is nonetheless important to maintain the system in good conditions 

regarding the possible bad consequences which might occurs if not, for instance a decrease in the 

efficiency.  

The cleaning part can be done by the owner, depending on the size of the system, because the cost of 

a professional might exceed the energy gains after this process. The frequency of cleaning depends on 

the location especially. The solar panels systems being in an environment with agriculture dust, bird 

dropping, pollution, sand is more exposed to the dirt build up than others. Also, a very dry environment 

will require a special attention because of the lack of natural flushing and so cleaning (due to the lack 

of rain). For these reasons, in the context of using these technologies in farms, a frequent maintenance 

should be done. The average one recommended is an annual one.  

For the mechanical maintenance, it is advised to check the components every 3 to 5 years. The 

electrical ones can usually be replaced after 10 years. Of course, a preventive maintenance can be 

done more often, every year for instance. This maintenance should be distinguished from the curative 

maintenance which consists in repairing actual/current failures identified in the system. The 

preventive maintenance, permitting to check if everything is in order, should be done annually then, 

and the cleaning can be done at the same time. It is better to plan this maintenance in your contract 

with your solar installer. 

The ideal period to clean the solar panels is at the end of the winter, when the sun starts to shine more 

and the energy output increase, and during the day at a moment where the panels are not that warm. 

You can also notice a need of cleaning just by analysing the energy output of your system. Usually, an 

unclean panel induce a decrease of energy, as said before [27].  

There are some specifications regarding how to clean and maintain a solar thermal system which are 

important to know. First, the water used for the cleaning: it has not to be hard, otherwise some 

residues can appear on the panel, neither cold, because of a possible thermal shock with a hot thermal 

panel, and not with high pressure, so to prevent the panel to be damaged. For this reason, washers 

should be avoided, but also abrasive sponge, due to the possible scratches on the panels. The type of 
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products used for the cleaning such as solvents and detergents also have to be avoided to avoid any 

damages. 

About more technical facts, which are specified usually in manuals, many parts of the solar thermal 

system must be controlled. At first the water pressure: the pressure should not be below 1 bar, to 

permit the glycol water to circulate well in the installation. The glycol itself, which is the antifreeze 

necessary in solar thermal fluids should have an appropriate quantity to prevent the freezing, and 

controlling this quantity is essential, especially for cold environments. The safety devices also must be 

controlled, such as the mixing valve, for instance, at the outlet of the hot water tank. Furthermore, it 

is important to check if there are not leakages if the installation is waterproof enough and perfectly 

sealed. The electrical devices and connections should in the same way be controlled, as much as the 

tank and pumps, necessary components of the system. Connectors housing also must be cleaned of 

dust and their lights functioning be verified. 

2. Performance 

2.1. Factors effecting Performance 

The thermal output of the solar collector depends on different parameters such as the energy received 

from the sun (solar radiation), its area, its materials properties, orientation, inclination, geometry. 

¶ Solar radiation 

Depends on different parameters such as the time of the day, the local landscapes and 

weathers, the season, the geographic location. The location is really important because of the 

sun angle crucial for the energy received. The poles (northern and southern) for instance have 

a lower irradiance than the other regions. This can be explained by the Earth geometry and its 

Ǉƻǎƛǘƛƻƴ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǎǳƴΦ ¢ƘŜ ƻǇǘƛƳǳƳ ŀƴƎƭŜ ǘƻ ǊŜŎŜƛǾŜ ǘƘŜ ǎƻƭŀǊ ŜƴŜǊƎȅ ƛǎ флϲΦ  

The local climate is also of great importance. In colder climates, more collectors will be 

necessary to reach the same energy output than in hot climates. It is however possible to 

increase the sun radiation by using planar reflectors.  

The shading can also have an impact on the global performance of the system. It is for this 

reason, important to analyse the environment and the possible sources of shadings, as well as 

locating the collectors in some positions in order to avoid the shading issues. 

¶ Properties of materials 

The different materials of a collector have properties such as absorptance or emittance. These 

properties will be crucial for the heat transfer. The monochromatic directional absorptance is 

a property of a surface and is defined as the fraction of the incident radiation of wavelength 

((lambda) from the direction nu, phi) that is absorbed by the surface. The absorptance ratio is 

called alpha. The monochromatic directional emittance of a surface is defined as the ratio of 

the monochromatic intensity emitted by a surface in a particular direction to the 

monochromatic intensity that would be emitted by a blackbody at the same temperature. The 

emittance ration is called epsilon. The different materials and surfaces can also be reflective 

[22]. 

All these parameters are important to consider. Indeed, for a flat-plate collectors, the number 

of covers, the type and thickness of the glazing, the reflective properties of the coating on the 

cover glass, but also the type of coating on the collector, and the type of insulation will have 
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an impact on the global performance. Other parameters, such as the wind speed, the mass 

flow rate and the dust deposition on the cover will affect the performance. 

2.2. Efficiency 

The thermal efficiency of a solar heat collector is not static. It changes as the operational conditions 

change. This can make a fair comparison of one collector to another rather difficult since panels come 

in different sizes, are made of different materials, and can be used in different climates and 

temperature applications 

Fig. A2. 5 shows the efficiency of solar panels as the average temperature inside the panel increases 

from ambient at the left-hand side. Evacuated tube systems generally start off with lower efficiency 

than flat plate systems due to the inefficient geometry of packing glass tubes together. However, as 

the temperature of the panel increases, the superior insulation of the vacuum is demonstrated, and 

the efficiency decreases more slowly than for flat plate panels. Evacuated tube systems are best suited 

to industrial process heat applications, where higher temperatures are required. For domestic hot 

water applications, much of the available energy is collected at the left-hand half of the curve and both 

types of products perform well. Some suppliers of solar panels misleadingly quote the optical efficiency 

as if it were the overall efficiency of their product. Some even use the efficiency of the black surface at 

absorbing light - ignoring the effect of the cover glass. This simplification is extremely misleading. As 

the grey line shows, it is easy to create a panel with a high optical efficiency, just leave out the glass. 

 

Fig. A2. 5. Varying efficiency of panel with temperature. 

2.3. Life cycle emissions 

The energy analysis includes the energy consumed for the production, installation, and transport of 

the collectors. Most of the energy consumption in this case is related to the transport. The 

environmental impacts are the resources consumption, the air and water emissions, the wastes, and 

solid pollutants. They can be translated into indexes such as global warming potential (GWP), 
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acidification potential (AP), ozone depleting zone (ODP), nutrification potential (NP), photochemical 

ozone creation potential (POPC). The result of a case study is summarized in Table A3.1 [28].The CO2 

payback time is when the CO2 savings are equal to the CO2 consumed for the production of the solar 

collector. In this case study, the CO2 payback time is less than 2 years, for a GWP of 721 kgeq CO2. In 

General, the average CO2 consumption for the manufacture of a solar thermal system including the 

tank, collector, and other components is about 1000 kg of CO2. For a flat-plate collector, the average 

payback period is about 1.5 years, but this will depend on many factors such as the climate, used 

components, energy sources of the back-up system for instance. 

Table A2. 1 Potential environmental impacts of solar thermal collector. 

GWP (kgCO2 eq.) 721 

AP (kgCO2 eq.) 5 

ODP (kgCO2 eq.) Negligible 

NP (kgCO2 eq.) 0.7 

POPC (kgCO2 eq.) 0.4 

 

2.4. Sizing 

The size of the panels used will depend on the chosen type of panels. The size of the entire system will 

depend on the needs, the hot water demand. 

2.5. Practical lifetime 

Solar thermal panels have very few moving parts so can last for a long period of time after installation 

has been completed. They have been around for some time, so they are a well understood technology 

that operates to a very high standard. The pump for example may need replacing after around ten 

years although it is a relatively inexpensive component. Other parts that may need replacing are 

electrical components like the controller. There are different types of solar thermal heater which will 

require varying types of maintenance and will vary depending on individual project.  

3. Cost 

3.1. Installation costs 

The installation costs include the costs which depend on the collector area, such as items for 

installation and purchase of collectors and also a bit of the storage costs, and other costs independents 

from the collector area which can be the control equipment but also construction equipment on site.  

Then the total installation costs can be synthetized as: Cs= Ca*Ac + Ce [22]. 

Where Cs: total installation costs, Ca: cost area dependent installation costs, Ce: cost area independent 

installation costs. 

3.2. Operational costs 

It includes the cost for the pumps and blowers, the one for the auxiliary energy, the taxes relied to the 

building.  

3.3. Maintenance costs 

It depends on specific system size and requirements.  
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3.4. Cost savings 

It depends on specific system size and requirements.  

3.5. Return on investment (ROI) 

It depends on specific system size and requirements.  

3.6. Funding possibilities 

Solar thermal can be applied for heating and cooling purposes. The European Union agrees with the 

fact SCH (cooling and heating systems) can be used in most of the European countries [29]. Its reliability 

and economically viability for industrial and commercial purposes is necessary to be 

financed/supported by EU research and innovation. The horizon 2020 for instance, a European 

program, can finance low carbon technologies, including the solar thermal one. 

The Norwegian Energy agency ENOVA finance energy efficient technologies and include the renewable 

ones, as solar thermal. The PAREER-CRECE programme in Spain can give grants for solar thermal 

systems up to 20% of the investment cost. The Conto Termico in Italy supports renewable energy, and 

so that solar thermal energy in Heating and Cooling. More detail information could be found in the 

Report [30]. 

3.7. List of suppliers 

There are different suppliers for solar thermal applications, European and international ones. Here on 

Table A2. 2 are some examples: 

Table A2. 2 List of suppliers.  

Suppliers Country Activities and trading areas 

European 

VESTA SOLAR HEATERS Cyprus manufacturing solar thermal systems for 36 years. 

FABRISOLIA SLU Spain 
Activity: manufacturer/producer 

Trading areas: regional, national, European, international 

THERMIC ENERGY RZ 
GMBH 

Germany 
Activity: manufacturer/producer since 2005   Trading areas: regional, 

national, European (not international) 

International 

ZHEJIANG SHENDE 
NEW ENERGY CO. LTD. 

China 
Activity: manufacturer/producer since 1998 

Trading areas: regional, national, European, international 

SOLAR COLLECTOR INC USA 
Activity: manufacturer/producer since 2001 

Trading areas: regional, national, European, international 

SUNDRUM USA Activity: manufacturer/producer 

XIAMEN DNSOLAR 
ENERGY CO.LTD 

China 
Activity: manufacturer/producer 

Trading areas: regional, national, European, international 

 

4. Applications 

4.1. Existing farming and non-farming applications 

Solar thermal energy can be used in many types of industries. However, depending on the industry, 

the energy requirements will not be the same. Indeed, food and pharmaceutical industries need a 

lower temperature than pulp and paper ones for instance. It is therefore important to determine the 

field and requirements in term of energy output and temperature to choose the right technologies and 
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sizing. Depending on the use of the solar thermal collectors (swimming pool heating, home water 

heating, home heating, process heat production), the appropriate collectors will be different (flat plate 

collector, evacuated tube collector, etc). Indeed, they do not work at the same temperatures. 

The solar hot water systems can be used for industrial units. Solar energy permits also to heat the 

buildings as seen previously. This energy can be transferred to the spaces needed to be heated when 

ƴŜŜŘŜŘΣ ōȅ ǳǎƛƴƎ ŜǉǳƛǇƳŜƴǘΩǎ ǎǳŎƘ ŀǎ ŦŀƴǎΣ ǊŀŘƛŀǘƻǊǎΣ ŀƛǊ ƻǳǘƭŜǘǎΣ ŘǳŎǘǎΦ 9ǘŎΦ ²ƘŜƴ ƴƻǘ ƴŜŜŘŜŘΣ ǘƘŜ 

energy can be stored in insulated tanks until the next use. If not, enough energy is available with the 

solar collectors, in this case a back-up system for heating is necessary: this one will use different 

sources of energy (which can be oil, gas or electricity). 

In the agriculture field, solar energy can also be used for drying purposes. The solar drying is usually 

applied to fruits, chillies, ginger, cashew nuts, but it can also be applied to milk or fishes (spray-dring). 

The traditional way (spreading them on the floor, manual labour and space needed) have some 

disadvantages than a solar technology can solve, making the process faster and less laborious. 

It is also possible to use solar thermal energy in a different way, using mirrors concentrated onto the 

object we want to heat (solar furnaces). It is normally used for metallurgical and chemical applications, 

but it could also be used soon to permit to produce nitric acid and fertilizers. 

4.2. Typical combinations with other technologies 

It is possible to couple a geothermal heat pump with solar hot water systems collectors. Heat pumps 

can be considered as back-up system, and are interesting because of their performance: indeed, their 

efficiency is about 400% (for a COP of 4.0). There are different types of pumps such as the air to water 

(A-W) and the water to water(W-W).  

If the solar thermal array is small, the loads will be mainly carried by the heat pumps and electric 

resistance elements. The price of these elements, related to PV, are quite expensive. For this reason, 

it is better to minimize the PV investment (and so that elements) and thus maximize the solar array. 

However, this one should not be too big neither because of the increase of their cost if they produce 

too much heat (which cannot be stored). 
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Appendix 3 : Photovoltaic thermal collectors  

1. Technical description 

1.1. Working principle 

Photovoltaic thermal (PVT) collectors, also known as hybrid solar collectors, are power generation 

technologies that convert solar radiation into usable thermal and electrical energy. PVT collectors 

combine photovoltaic solar cells, which convert sunlight into electricity, with a solar thermal collector, 

which transfers the otherwise unused excess heat from the PV module to a heat transfer fluid. By 

combining electricity and heat generation within the same component, these technologies can reach 

a higher overall efficiency than solar photovoltaic (PV) or solar thermal alone. These hybrid systems 

have the benefits of increasing the electrical efficiency of the PV, obtaining thermal energy, and 

avoiding thermal degradation of PV solar panels [31]. On the other hand, it also saves space by 

combining the two structures to cover less area than two systems separately [32]. Fig. A3. 1 shows a 

very simplified diagram of a solar liquid PVT system [31]. 

 

Fig. A3. 1. Simple diagram of the electrical and thermal parts of a common PVT system. 

1.2. Classification 

There exist three common types of PVT collectors already readily available on the market, namely: PVT 

Air Collector, PVT liquid collector, and the concentrating PVT collector. Each of these have some 

additional features that affect the performance. They can come as glazed (or covered) and unglazed, 

and insulated or uninsulated. Vacuum tube collectors are still early in the market and will not be 

considered in this study. 

1.2.1. Air Collectors 

The basic air-cooled design, shown in Fig. A3. 2, uses either a hollow, conductive housing to mount the 

photovoltaic panels or a controlled flow of air to the rear face of the PV panel. PVT air collectors either 

draw in fresh outside air or use air as a circulating heat transfer medium in a closed loop. Using air as 

a heat transport medium compared to a heat transfer fluid has significant advantages however as (1) 

there can be no freezing and no boiling of collector fluid; (2) there is no risk of damage if leakage occurs 

[33], and (3) the infrastructure required has lower cost and complexity. 
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1.2.2. Liquid PVT Collectors 

PVT water collector satisfies the need of electricity along with a heat transfer fluid (HTF). In the PVT 

liquid collector, water or in locations where freezing can occur, a water/glycol mix is used. Mineral oil 

can also be used in higher temperature applications. The basic liquid-cooled design uses channels to 

direct fluid flow using piping attached directly or indirectly to the back of a PV module. The heat from 

the PV cells is conducted through the metal and is transferred to the working fluid (presuming that the 

working fluid is cooler than the operating temperature of the cells) [34]. 

1.2.3. Concentrating PVT 

A concentrator system, such as the Solarus collector shown in Fig. A3. 2 (c), has the advantage to 

reduce the photovoltaic (PV) cell area needed. Therefore, it is possible to use more expensive and 

efficient PV cells, e.g., multi-junction photovoltaic cells. The concentration of sunlight also reduces the 

amount of hot PV-absorber area and therefore reduces heat losses to the ambient, which significantly 

improves the efficiency for higher application temperatures. Using concentrators to increase the 

electric output from a PV cell array can have big economic advantages in terms of lowering the cost of 

PV electricity. This can be done using lenses and reflecting mirrors. By decreasing the required cell area 

for production of electricity environmental gains can also be made. For the thermal part, using 

concentrators is a possibility of increasing the heating capacity in a solar water heater, by increasing 

the intensity of the irradiation. Concentrator systems can include an accurate sun tracking system; 

however, this can incur higher costs and reliability issues. Under ideal conditions, about 75% of the 

sun's power directly incident upon such systems can be gathered as electricity and heat [35]. 

 

Fig. A3. 2. Scheme of (a) PVT air collector, (b) PVT water collector and (c) concentrating PVT collector. 

1.3. Mechanical Components: 

The PVT Collector consists of PV module glazing, Encapsulant, Solar PV cells, Backsheet, Heat 

exchanger and thermal insulation, as showing in Fig. A3. 3. 

 

Fig. A3. 3. Different components of a PVT water collector. 
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In addition to the PVT collector the following main components are required for the transfer of 

electricity and heat: 

Inverter: An inverter is an electrical device which accepts electrical current in the form of direct current 

(DC) and converts it to alternating current (AC). Most inverters have conversion efficiencies of 90% or 

higher and contain important safety features including ground fault circuit interruption and anti-

islanding. 

Racking: This is the mounting apparatus which fixes the solar array to the ground or rooftop. Typically 

constructed from steel or aluminium, these mechanically fix the solar panels in place with a high level 

of precision. Some ground mounted racking systems also incorporate tracking systems which use 

motors and sensors to track the Sun through the sky, increasing the amount of energy generated at a 

higher equipment and maintenance cost. 

Heat exchanger and storage tank: Once the transfer fluid in the collectors heats up, it moves into a 

storage tank that stores the hot water. Inside the storage tank is the heat exchanger that transfers the 

heat to the heat use. 

Fluid circulation system: The control system ensures the main operation of the thermal circulation. It 

controls the functioning of the pump and valves based on the temperature and pressure parameters 

that are received from the sensors. This prevents over-heating of the system and also prevents cold 

ǿŀǘŜǊ ŦǊƻƳ ōŜƛƴƎ ŎȅŎƭŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǎȅǎǘŜƳ ǿƘŜƴ ƛǘΩǎ ŜȄǘǊŜƳŜƭȅ ŎƻƭŘ ƻǳǘǎƛŘŜ ŀƴŘ ǘƘŜ ǘǊŀƴǎŦŜǊ ŦƭǳƛŘ 

ƛǎƴΩǘ ōŜƛƴƎ ǿŀǊƳŜŘ ǎǳŦŦƛŎƛŜƴǘƭȅΦ 

Backup heater: LasǘƭȅΣ ŜǾŜǊȅ ǎȅǎǘŜƳ ŎƻƳŜǎ ǿƛǘƘ ŀ ōŀŎƪǳǇ ǎȅǎǘŜƳΦ hƴ Řŀȅǎ ǿƘŜƴ ƛǘΩǎ ǘƻƻ ŎƭƻǳŘȅ ǘƻ 

generate enough heated water from solar energy, your backup heater will kick in and generate hot 

water for your home with gas or electricity. 

Other Components: The remaining components of a typical solar PVT system include pipes, combiners, 

disconnects, breakers, meters and wiring. 

1.4. Installation and Maintenance 

Hybrid solar panels are installed in the same way that regular solar panels are. Roof hooks are fixed to 

the roof trusses or rafters, depending on where the panels will sit in relation to the roof cladding, to 

which aluminium rails are then fixed horizontally. The panels are bolted to these rails. Solar PVT panels 

will require the wires from the PV function to lead back to an inverter to turn it into usable energy, as 

ǿŜƭƭ ŀǎ ǇƛǇŜǎ ŎƻƴƴŜŎǘƛƴƎ ǘƻ ǘƘŜ Ƙƻǘ ǿŀǘŜǊ ǎǘƻǊŀƎŜ ŦƻǊ ƛǘǎ ǎƻƭŀǊ ǘƘŜǊƳŀƭ ŎƻƳǇƻƴŜƴǘΦ LǘΩǎ ƛƳǇƻǊǘŀƴǘ ǘƻ 

know the PVT's theoretical maximum temperature so that it does not exceed the temperature for 

which the components are approved [36]. 

1.5. Selection of appropriate type 

Air collectors: Using this type of PVT collectors makes sense if there is a demand for heated air. 

Advantages over liquid type are that air type collectors have lower cost and there is no risk of freezing, 

boiling or any damage to the system in case of a leakage. On the other hand, there are some major 

disadvantages of using air type PVT collectors such as they have lower thermal performance 

characteristics compared to liquid types [37]. 
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Liquid type: Using a liquid-PVT collector is advantageous if there is a demand for hot water. Flat 

structure allows convenient integration on a building, usually rooftops. Furthermore, hot water may 

be stored in an external tank for a period of time. Its drawback is that leakages and freezing may occur 

in extreme conditions. However, these can be prevented by robust construction and by using water-

ethylene-glycol mixture [37]. 

Concentrating type: The advantage of concentrating PVT collectors is that usage of reflector material, 

which is less expensive than PV modules, allows using less PV modules compared to flat type PVT 

collectors. By doing so, expensive PV modules are replaced by less expensive reflector material. The 

drawback of the concentrating PVT collectors is that because of the high temperatures, stable cooling 

is required, and the system becomes problematic if thermal load (cooling) decreases [37]. 

2. Performance 

2.1. Fuel or electricity use 

In a solar PV panel, photovoltaic cells typically reach an electrical efficiency between 15% and 20%, 

while the largest share of the solar spectrum (65% - 70%) is converted into heat, increasing the 

temperature of PV modules as illustrated in Fig. A4. 4. PVT collectors, on the contrary, are engineered 

to transfer heat from the PV cells to a fluid [38]. It is shown that by reducing 1 ϲ/ ƛƴ t± ŎŜƭƭ ǘŜƳǇŜǊŀǘǳǊŜΣ 

the electrical efficiency increases by 0.4ς0.5%. For amorphous silicon (a-Si), this increase is smaller, 

ŀōƻǳǘ лΦнр҈κϲ/ [31]. This excess heat is transferred to the heat transfer fluid as usable heat. Thus, PVT 

collectors make better use of the solar spectrum. 

 

Fig. A3. 4. Utilisation of the solar spectral irradiance in a common PVT collector 

By co-generating solar electricity and heat in a single component, PVT collectors increase the combined 

efficiency and yield an optimized utilization of available space. In this way, despite the fact that the 

increase in electrical efficiency leads to a reduction in the thermal efficiency, the result is a greater use 

of space and the need for a smaller number of panels, so that the final efficiency is higher, and the 

costs are lower. 

As a special mention, it should be known that the use of concentrating PVT (C-PVT) can also generate 

great benefits. Due to their configuration, C-PVT panels suffer from a greater loss of optical efficiency 

since the energy received is reflected. Despite this, concentration provides a greater energy benefit 

with less use of space, and because the way C-PVT is made, the use of material is reduced, so the cost 
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is also less. Therefore, if one needs to use PVTs in the smallest possible space, a C-PVT collector could 

be the indicated option. Compared to non-concentrating PVTs, CPVTs are also able to operate at higher 

efficiencies for higher temperature outputs above the ambient temperature. This is because of the 

increased heat from concentrating the incoming radiation. 

2.2. Factors affecting performance 

The impact of the local climate on the performance of PVT collectors is very important One particular 

impact is the given solar radiation of a location. Fig. A3. 5 shows the irradiance of a given location in 

Europe, and as shown the irradiance in the northern areas has on average almost half of the solar 

irradiance of the southern parts [39]. 

 

Fig. A3. 5. Average annual global horizontal solar irradiation in Europe. 

Not only does the output of the electrical and thermal energy of the collector increase proportionally 

with increasing solar radiation, but the thermal efficiency of a PVT collector increases as well. This is 

clearly shown in Fig. A3. 6. The electrical efficiency remains the same after a certain threshold, however 

more radiation is needed for high levels of thermal efficiency. In comparison to flat plate solar thermal 

collector, concentrating PVTs can reach a higher efficiency at very low solar radiation, but has a lower 

peak efficiency than flat plate collectors. This is only valid for low temperature differences above the 

ambient temperature. At higher temperature differences in the collector above ambient temperature, 

it is the opposite effect, as shown in Fig. A3. 6. Higher solar radiation is needed for a concentrating 

collector to output useful energy; however, its peak efficiency will be higher than a flat plate collector. 
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Fig. A3. 6. Efficiency comparison of thermal and electrical technology used in PVT collectors based on solar radiation for 

average operating temperatures of 20 ϲC (left) and 80 ϲC (right) above ambient temperature. 

2.3. Efficiency 

The overall efficiency of a PVT collector adds the electrical and thermal efficiency  

– – –  

–  of the system is significantly improved by cooling of the modules by the working fluid and it can 

be represented by the following equation [40]  

– – ρ ‍Ὕ Ὕ  

–ȟ which is the actual efficiency of module can be given as  

–
ὠ Ὅ

ὃ Ὃ
 

The thermal efficiency –  of PVT system changes with the change fluid flow rate, type of solar 

collector, modifications in the absorber geometry as is usually expressed as 

–
ὗ

ὃ Ὃ
 

2.4. Lifecycle emissions 

There has been plenty of studies to study the emissions for solar thermal and PV systems, but literature 

review shows that those on PVT systems have been very few. The study showed that nearly the whole 

of the environmental impacts were due to PV module production, aluminium parts (reflectors and 

heat-recovery-unit) as well as copper parts (for heat-recovery-unit and hydraulic circuit), with barely 

significant contributions from the other system components, such as support structures or 

electrical/electronic devices. The disposal phase contribution is again almost negligible [41]. 

2.5. Operation strategies 

Glazed, or covered PVT collectors, feature an additional glazing, which encloses an insulating air layer 

between the PV module and the secondary glazing. This reduces heat losses and increases the thermal 

efficiency. Moreover, a glazed collector usually has an iron tempered glass covering, which is the 

reason they usually are more expensive. Glazed and insulated PVT collectors can reach significantly 

higher temperatures than PV modules or uncovered PVT collectors. These collectors have higher 

working temperatures, due to the reduction of convective heat losses on the front and back side of 



 

45 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

the collector. Despite this, these kinds of collectors have a lower efficiency rate, since PV cells are 

negatively affected by high temperatures. Thus, these collectors work as primarily heat energy 

generating systems. In contrast, uninsulated collectors work under lower temperatures, which reduces 

the heat energy output, but leads to higher electrical earnings. Anti-reflective coatings on the front 

glazing can reduce the additional optical losses [42]. 

Unglazed collectors do not have any glass covering. Generally, they are made of heavy-duty rubber or 

plastic treated with an ultraviolet (UV) light inhibitor to extend the life of the system. 

 

Fig. A3. 7. Comparison of solar efficiencies for the electrical and thermal part of an uncovered (uninsulated) and covered 

(insulated) PVT collector. 

Due to the cheaper parts and the easy design these unglazed collectors are less expensive than glazed 

collectors. Unglazed collectors are also used for indoor pools in colder climates because then the water 

will go back to the pool when not used.  

Even if you need to shut off the system for a while during colder weather unglazed collectors are more 

cost efficient than installing more expensive glazed collectors [43]. Uninsulated PVT collectors are 

beneficial for operation near and below ambient temperatures and are normally not so sensitive to 

condensation. This is because condensation stays on the outside of the product and causes no damage 

when temperature go below the dew point. An unglazed PVT thus also has a rapidly decreasing 

efficiency as the working temperature rises and the wind load increases, meaning that it is 

recommended to use unglazed PVTs in colder climates and with low radiation [42]. 

2.6. Practical lifetime 

Like PV technology panels, PVT collectors offer a practical life of at least 20 years, and usually come 

with a 10 - 20 years warranty. It is important to mention that, thanks to the cooling provided by the 

thermal system, and under proper maintenance, the loss of efficiency of the electrical part due to the 

passage of time is reduced. 
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3. Cost 

3.1. Cost savings 

The saved costs by installing a PVT varies depending on many factors and Fig. A3. 8 shows the annually 

saved fuel costs from using different types of PVT collectors to supply heat to various applications 

compared to their current heating system according to a study. The average for the systems with 

available data is about 22 EUR/m2 annum. Therefore, higher investment costs of about 550 EUR/m2 

are covered by saved fuel costs considering the typical lifetime of a PVT. 

 

Fig. A3. 8. Saved fuel costs compared to their current heating systems calculated based on different applications and type 

of collector. 

3.2. List of brands/suppliers 

Common suppliers of PVT collectors are shown in Table A3. 1 below. The table is also split into the 

different types of PVTs the suppliers are most commonly associated with. However, many suppliers 

also deliver other types of PVT collectors as well as solar thermal and PV technology. 

Table A3. 1. Most common suppliers of PVT collectors differentiated by their most common technology. 

Glazed and insulting 

Abora (Spain) 

EndeF (Spain) 

Consolar (Germany) 

Unglazed and uninsulated 
DualSun Wave (France) 

Fototherm (Italy) 

Concentrating PVT 
SunOyster (Germany) 

Solarus (Netherlands) 

 

4. Applications 

4.1. Existing farming applications 

PVT collectors have been used in large greenhouses as a source of heat in the ground and electricity 

for the fans, however there is little documentation for PVT use in livestock farming. This could be 

because conventional PVT systems are typically operated below 100 ϲC, which prevents their 

application to industrial and agricultural processes where higher temperature heat is needed (see Fig. 

A3. 9) [39]. One way to overcome this is to combine the PVT with heat pumps. Furthermore, a 

promising solution to tackle this limitation is to split the incident solar spectrum into two separate 
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bands, one that is directed to PV modules and is well-suited to conversion into electricity, while the 

rest is absorbed as heat by a thermal absorber. However, this technology is still in its early research 

phase [44]. 

 

Fig. A3. 9. Temperature requirements for heating processes in agriculture. 

4.2. Existing non-farming applications 

The range of applications of PVT collectors, and in general solar thermal collectors, can be divided 

according to their temperature levels as shown in Fig. A3. 10: 

 

Fig. A3. 10. Typical applications of different types of PVT collectors based on their operating temperature. 

Low temperature applications include heat pump systems and heating swimming pools or spas up to 

рл ϲ/Φ [ƻǿ ŀƴŘ ƳŜŘƛǳƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ŦƻǊ ǎǇŀŎŜ ƘŜŀǘƛƴƎ ŀƴŘ ŘƻƳŜǎǘƛŎ Ƙƻǘ ǿŀǘŜǊ ǇǊƻǾƛǎƛƻƴ 

are found in buildings, with tempŜǊŀǘǳǊŜǎ ŦǊƻƳ нл ϲ/ ǘƻ ул ϲ/Φ ¢ƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ǎǇŜŎƛŦƛŎ ǎȅǎǘŜƳ 

depends on the requirements of the heat supply system for domestic hot water. 

Swimming pool: Hot water from the collector can be used for heating of swimming pools as it can 

generate an oǇǘƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ όнл ϲ/ ς пл ϲ/ύ ŦƻǊ ǳǎŜ ƛƴ ǎǿƛƳƳƛƴƎ ǇƻƻƭǎΦ 

Domestic hot water heating: The main components of a solar system for heating provision are the 

solar collector array, a thermal energy transfer circuit (circulation pump, valves, piping and heat 

exchanger) and a water storage tank. 
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Space heating: Regarding PVT collectors for space heating purposes, several authors focus on PVT air 

collectors PVT water collectors can also provide space heating. The hot water generated by the PVT 

collectors is usually collected in a hot water storage tank. 

Process heat: PVT can be used to produce relatively high temperature for any kind of process heat in 

industry (pasteurization, car washing, bottles washing, etc..). Evacuated and concentrating collectors 

can be uǎŜŘ ƛƴ ƛƴŘǳǎǘǊƛŀƭ ǇǊƻŎŜǎǎŜǎ ǿƘŜǊŜ ƘŜŀǘ ƻǾŜǊ ул ϲ/ ƛǎ ƴŜŜŘŜŘΦ !ǇǇƭƛŎŀǘƛƻƴǎ ŀǊŜ ǾŜǊȅ ŦŜǿ ŀƴŘ ƴƻǘ 

enough documented in 2019. 

4.3. Combinations with other technologies 

PVT collectors can be used in combination with heat pumps. The collector delivers heat from solar 

radiation and ambient heat to the cold side of the heat pump, lifting the efficiency of the heat pump. 

The efficiency of the thermal energy production is high and can be over 100% when calculated in 

reference to the solar energy incident on the plane of the collector since the additional heating energy 

from the heat pump is to be added [35]. 
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Appendix 4 : Wind energy  

1. Technical description 

Wind energy is currently considered as one of the most viable alternatives to fossil fuels. The wind 

ŜƴŜǊƎȅ ƛǎ ǊŜƴŜǿŀōƭŜ ŀƴŘ ǿƛŘŜƭȅ ŘƛǎǘǊƛōǳǘŜŘΣ ƳŜŀƴǿƘƛƭŜ ƛǘǎ ƻǇŜǊŀǘƛƻƴ ǇǊƻŎŜǎǎ ƛǎ ΨŎƭŜŀƴΩ ǿƛǘƘƻǳǘ 

producing greenhouse gas. The wind energy could be harnessed through wind turbine and 

transformed into electrical power or mechanical work [45].  

1.1. Working principle 

Fig. A4. 1 presents the typical domestic system of wind turbine, which is not connected to the grid. The 

wind turbine is coupled directly to an asynchronous generator mounted on the same shaft. The 

domestic system do not have variable pitch rotor blades so the rotor speed varies with the wind speed. 

The generator output voltage and frequency are proportional to the rotor speed and the current is 

proportional to the torque on the shaft. The output is rectified and fed through the voltage regulator 

to an inverter which generates the required fixed amplitude and frequency AC voltage. Partial of the 

generated power is storaged into the battery. 

 

Fig. A4. 1. Basic workflow of wind turbine (domestic system). 

1.2. Classification 

Based on the output power, the wind turbine is catalogued as small (300 W to 100 kW), medium (100 

kW to 1 MW) and large (>1 MW). Regarding the on-site electricity consumption of livestock 

building/farm, the small size wind turbine(s) is adequate. 

Based on the structure, wind turbines could be divided into horizontal axis wind turbines (HAWTs) and 

vertical axis wind turbines (VAWTs) [46], their basic forms are shown in Fig. A4. 2. The HAWTs are very 

sensitive to the direction of the wind and do not cope well with turbulent flow and buffeting. 

Therefore, HAWTs are suited to be installed in open areas with fairly smooth horizontal airflow and 

few upstream obstacles. VAWTs are less influenced by changes in wind direction, evoke lower noise 

levels and tend to be more aesthetically pleasing. The comparison between HAWTs and VAWTs were 

summarized in Table A4. 1 [47]. At present, HAWTs is commercially more efficient than VAWTs [48].  
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Fig. A4. 2. Basic forms of (a) three-bladed HAWT and H-Darrieus VAWT. 

Table A4. 1. Comparison between HAWTs and VAWTs. 

Performance HAWT VAWT 

Power generation efficiency 50%-60% >70% 
Gear box Above 10 kW: YES NO 

Blade rotation space Quite large Quite small 
Wind resistance capability Weak Strong 

Noise 5-60 dB 0-10 dB 
Starting wind speed High (2.5-5 m/s) Low (1.5-3 m/s) 

Failure rate High Low 
Maintenance Complicated Convenient 

Rotating speed High Low 
Effect on birds Great Small 

 

The conversion of available wind power into actual power varies nonlinearly due to the transfer 

functions of the electrical generators. The relationship between the wind speed and generated power 

is depicted by the wind turbine power curve [49]. The wind turbine power curve is essentially 

comprised of three regions, as Fig. A4. 3 shows. When the incoming wind speed is lower than the cut-

in speed, the minimum speed for starting up, the output power is zero. Rated speed is the wind speed 

at which the rated power, which is the maximum output power of the electrical generator, is obtained. 

The cut-out speed is usually limited by engineering design and safety constraints. It is the maximum 

wind speed at which the turbine is allowed to produce power. Power curves for existing machines, 

derived using field tests, can be obtained from the wind turbine manufacturers. The approximate 

shape of the power curve for a given machine can also be estimated by using the power characteristics 

of rotor, generator, gearbox ratio and efficiencies of various components [50].  

Theoretically, the power (P) available in the wind impinging on a wind driven generator is given by: 

                                                                      ὖ ὅ πȢυ”ὃὠ            (1) 

in which ὅ is the power coefficient, A is the swept area (m2), ” is the air density (kg/m3) and V is the 

average approaching wind speed (m/s) [51]. Equation (1) denoted that the output power is determined 
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by the characteristic of selected wind turbine (ὅ and A) and local wind distribution. ὅ is varies with 

wind speed [52], and could be enquired from product supplier. 

 

Fig. A4. 3. Wind turbine power curve. 

1.3. Mechanical construction 

The basic construction could be referred to section 1.1. The following parts are the essential 

mechanical construction of wind turbine [53]. 

Rotor Blades: The rotation of blade caused by wind flow convert the wind energy into mechanical 

energy which are thereafter transferred to the shaft. 

Shaft: The shaft is connected to the electrical generator directly or via gearbox for transferring 

mechanical energy generated by the rotation of blade into an electrical generator.  

Gearbox: The gearbox increases the rotation speed of blades to much higher value so as to generate 

electricity at a desired voltage level. 

Generator: The generator is an electrical device that converts mechanical energy received from the 

shaft into electrical energy. 

Power Converter: The power converter is an electrical device that stabilizes the alternating output 

voltage transferred to the grid/battery. 

Anemometer: measures the wind speed. 

Wind Vane: senses the direction of the wind. 

Pitch Drive: control the angle of blades. 

Yaw Drive: rotate the nacelle whenever any change in wind direction to yield maximum wind energy. 

1.4. Installation and maintenance 

The installation process depends upon the size and type of wind turbine. Before installation, it is 

necessary consult professional installer for technical survey of location and wind speed distribution. 

The suggested annual maintenance items include [54]: 

¶ Checking and tightening bolts and electrical connections as necessary. 
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¶ Checking machines for corrosion and the guy wires for proper tension. 

¶ Checking for and replace any worn leading-edge tape on the turbine blades, if appropriate. 

¶ Replacing components such as turbine blades and/or bearings as needed. 

2. Performance 

2.1. Fuel or electricity use 

During the generation of wind energy, the wind turbines do not consume fuel or electricity. 

2.2. Factors affecting performance 

.ŜǎƛŘŜ ǘƘŜ ǇǊƻŘǳŎǘǎΩ ƻǿƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎΣ ƭƻŎŀƭ ǿƛƴŘ ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ ŀƴƻǘƘŜǊ ŦŀŎǘƻǊ ŀŦŦŜŎǘƛƴƎ ǘƘŜ ƻǳǘǇǳǘ 

power. The stability of output power is affected by the varying wind speed and direction. It is important 

to select sufficiently windy site and best tower height to guarantee the stability and economy of output 

power.  

2.3. Efficiency 

As showed in Fig. A4. 3 and equation (1), the efficiency of wind turbine is related to wind speed and 

product characteristic (the ὅ value).  

2.4. Lifecycle Emissions 

The lifecycle of wind turbine contains four main processes as manufacturing, transport and installation, 

operation and maintenance, dismantling and disposal. As reported by reference in 2016, the emissions 

of greenhouse gases amounted to less than 7 g CO2-eq/kWh for onshore (with 2.3 and 3.2 MW 

turbines) [55]. 

2.5. Scope of Circularity 

Currently, 85-90% of an entire wind turbine can already be recycled. Recycling circles have been 

established for most of the components as steel, cement, copper wire, electronics and gearing. 

However, wind turbine blades are more challenging to be recycled [56]. Up to day, the wasted wind 

turbine blades could be reused or repurposed in varieties way as street furniture and building 

structures [57]. Leading companies (e.g. Siemens Gamesa and Vesta) launched plans to make wind 

turbine fully recyclable by 2040 [58,59]. 

2.6. Stability/continuity  

The icing condition also needed to be considered when wind turbine is installed in high altitudes and 

arctic latitudes, e.g. Finland [60]. Ice accretion on turbine blades can degrade turbine performance and 

durability, and even lead to safety concerns associated with ice shedding (if ice were thrown from the 

rotating blades) [61]. The implementation of wind turbine in livestock farming is well adaptable to the 

type of farm, since it could be installed stand-alone away from the livestock building. However, the 

impact of noise generated by wind turbine on the productivity of animal needed to be evaluated before 

implementing wind turbine. Meanwhile, the implementation of wind turbine could not affect the 

present power and heat (or cooling) delivery system. Since wind turbine is implemented as assistant 

energy supply and not directly connected to the present power system. 
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2.7. Sizing 

The sizing depends on the energy demand, which should be consulted with professional installer. 

2.8. Operation strategies 

In order to maintain its stability in livestock farming, it is suggested to combine wind turbine with other 

RES technologies (e.g. solar photovoltaic, geothermal and biogas [62]) and energy storage technologies 

(e.g. compressed air energy storage [63] and Hydrogen-based energy storage system [64,65]). 

2.9. Practical lifetime 

The design lifetime of wind turbines is estimated to be 20 to 25 years [66]. 

3. Cost 

3.1. Installation costs 

As reported by International Renewable Energy Agency, the averaged total Installed cost of onshore 

wind turbine in Europe was 1515 USD/kW in 2020 [67] lower than 1800 USD/kW in 2019 [68]. The 

detailed installation cost varies from country to country, it is suggested to enquire professional 

company for budget of the specified project. 

3.2. Operation and maintenance costs 

Operation and maintenance (O&M) costs for onshore wind often make up a significant part (up to 30%) 

of the wind turbine [69], but their share is keep decreasing. The average O&M cost between 2016 and 

2018 were 33 USD /kW per year and 56 USD /kW per year in Denmark and Germany respectively [67]. 

The detailed O&M cost varies from country to country, it is suggested to enquire professional company 

for budget of the specified project. 

3.3. Cost saving 

The concept of Levelized Costs of Energy (LCOE) is generally used for the discussion of the economic 

merit of electricity generating technologies. LCOE offers a measure of the overall costs of a technology 

over its life cycle per unit of electricity produced [70]. The LCOE is given by: 

                                                                         ὒὅὕὉ
В

В ȟ
         (2) 

in which Ὅ is the investment expenditure in EUR (USD); ὃ is annual total cost in EUR (USD) per year t; 

ὓȟ  is the electricity produced in the year t; i is the real interest rate (discount rate) in %; n is the 

economic lifetime in year and t the year of lifeǘƛƳŜ όмΣ нΣ Χ n). Total annual costs ὃ contains fixed 

operating costs and variable operating costs. For wind turbine, the lifetime is 20 to 25 years. 

The average LCOE for onshore wind turbine and offshore wind turbine in Europe were 0.045 USD /kW 

and 0.083 USD /kW respectively in 2020 [67].  

3.4. Payback Period 

The payback period of wind turbine needed to be analysed with local wind condition, terrain type and 

the selected wind turbine. With the field measurement data in North East of Ireland, the payback 
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period of a 3.5 MW wind farm (consisted of multi medium size wind turbines) was estimated to be 6.7 

years [71]. Kelleher and Ringwood indicated that the payback period was negatively correlated with 

the output power of wind turbine [72]. With the wind data of Ireland, the payback periods of 2.5 kW 

and 0.6 kW wind turbines (Proven) were estimated to be 5.43 years and 14.78 years respectively. 

Therefore, it is suggested to pre-evaluate the local wind condition and define the specified solution for 

the targeted livestock farm. Thereafter the detailed payback period could be evaluated and discussed 

thoroughly. 

3.5. Funding Schemes 

The possible EU funding for supporting wind energy are summarized in Fig. A4. 4 [73]. The application 

timetable of each funding could be enquired in the corresponding website.  

 

Fig. A4. 4. EU funding for wind energy landscape (2021-2027). 

3.6. Suppliers 

The Table A4. 2 summarizes the suppliers that could supply small horizontal axis wind turbines 

(HAWTs) and vertical axis wind turbines (VAWTs) from European countries. For large size wind turbine, 

world famous brand as Vestas (Denmark) and Siemens Gamesa (Germany) are available in Europe. 

Table A4. 2. Suppliers of small wind turbine in Europe. 

Company Country Typical product 

Bornay SPAIN Small HAWTs (0.8 kW ς 5 kW) 

BRAUN Windturbinen GmbH Germany Small HAWTs (2.5 kW ς 12 kW) 

Viking Wind ApS DENMARK Small HAWTs (10 - 25 kW) 

Ergycon ITALY Small HAWTs (50 kW) 

BaiWind S.L. SPAIN Small VAWTs 

Aeolos Wind Turbine 
UNITED 

KINGDOM 
HAWTs (0.5 kW ς 100 kW) 
VAWTs (0.3 kW ς 10 kW) 
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4. Application 

4.1. Existing farming applications 

Couples of researches had testified the possibility of combining wind turbine and solar photovoltaic 

for water pumping system in livestock buildings [74ς76]. Ozgener proposed using small wind turbine 

for driving the secondary water pumping, brine pumping and fan coil of the solar assisted geothermal 

heat pump in the greenhouse [75], as Fig. A4. 5 shows. The small wind turbine system was expected 

to meet 3.13% of the annual electricity energy consumption of the system. Meanwhile, wind turbine 

ǿŀǎ ŀƭǎƻ ǇǊƻǇƻǎŜŘ ŦƻǊ ǊŜŎƻǾŜǊƛƴƎ ŜƴŜǊƎȅ ŦǊƻƳ ƭƛǾŜǎǘƻŎƪ ōǳƛƭŘƛƴƎΩ ǾŜƴǘƛƭŀǘƛƻƴ ǎȅǎǘŜƳ [77,78]. Hong et 

al installed small wind turbine behind ventilation fans of broiler house [77], shown in Fig. A4. 6. The 

test result indicated that the small wind turbine system could recover 30% of the energy emitted by 

the ventilation fan. 

 

Fig. A4. 5. Schematic of proposed solar assisted geothermal heat pump and small wind turbine systems. 

 

Fig. A4. 6. Installation of wind power system behind ventilation fans at a broiler house. 
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4.2. Existing non-farming applications 

Wind turbine is a mature technology, the worldwide installed capacity of onshore and offshore wind 

farms were 698,043 MV and 34,367 MV respectively by 2020 [79]. 

4.3. Potential farming applications 

The wind turbine could be either installed standalone in open areas or integrated with building (e.g. 

installed at walls or roof-top). For the implementation in livestock farm, installing the wind turbine 

stand-alone in open areas away from the buildings is preferred for maximum energy harness. 

4.4. Status of implementation in Europe 

By 2020, the total installed wind power capacity is 220 GW in Europe. 88% of the installed wind power 

capacity is onshore [80]. The reports on farming application of wind turbine in Europe is seldomly seen 

so far. 

4.5 Best practices/typical combinations with other technologies 

As the wind turbine is powered by wind, which is not stable and unpredictable, the application of wind 

turbine on farm is suggested to be combined with energy storage technology. 
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Appendix 5 : Bioenergy  

1.1. Overview: Bioenergy 

The term bioenergy refers to the energy extracted from organic matter of plant or animal origin such 

as agricultural and forest residues, energy crops, wood, or organic wastes, also known as biomass. 

Bioenergy is considered a low-carbon form of energy as the CO2 released during its conversion is 

atmospheric CO2 absorbed into organic matter through photosynthesis. Characterizing bioenergy as 

low carbon in comparison to fossil fuels is, in principle, a comparison of time scales as the carbon 

emissions from fossil fuels are also ultimately atmospheric CO2 captured millions of years ago. 

Bioenergy is the major renewable energy form worldwide, making up about 70% of all primary 

renewable energy sources [81]. Approximately 2.5 billion people worldwide rely on traditional uses of 

biomass, i.e. in form of fuelwood, charcoal, agricultural waste, and animal dung for cooking and 

heating in the Global South. These traditional methods are generally inefficient, unsustainable and 

unhealthy. The use of bioenergy in traditional cooking systems is particularly problematic due to the 

health implications of the particulate matter resulting from incomplete combustion [82]. Modern 

bioenergy technologies, on the other hand, can replace fossil fuels as a sustainable and clean source 

of energy and reduces GHG emissions significantly. The remainder of this report focusses on modern 

uses and applications of bioenergy. 

Due to its high flexibility for integration into a wide of energy systems, bioenergy is a highly attractive 

energy option for countries at all stages of development [83]. Conversion through combustion gives 

bioenergy its great flexibility and versatility, and advantage over other renewable sources such as wind, 

solar, hydro, or tidal. Another key advantage of bioenergy is its ease of storage, e.g., in form of 

feedstock or energy carrier (solid, liquid, or gashouse fuel). Bioenergy can be used to generate 

electricity, heat or transport fuel, as well and solid, liquid, and gaseous energy carriers. Fig. A5. 1 below 

provides an overview of the various bioenergy conversion systems and end-uses [84]. 

 

Fig. A5. 1. Overview of bioenergy conversion technologies and end-uses.  

Bioenergy systems can be easily integrated into existing energy infrastructures, technologies, and 

applications. For example, wood pellets can be used by up 15% in cofired coal power plants without 
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converting the boilers [85]. Large-scale power plants have been converted to 100% biomass, leading 

to significant carbon reductions compared to coal [86]. Lignocellulosic and dry biomass such as straw, 

mill dust, firewood, and other combustible materials can be used well in solid fuel heating boilers to 

generate room and process heat. 

Another example of integration in existing infrastructures and technologies is the blending of 

bioethanol and biodiesel with fossil fuels. Biofuels are increasingly being blended with conventional 

transport fuels, thus reducing the carbon intensity [87]. Biomethane, for instance, can be used for 

heating and transport and can be injected directly into an existing gas grid.  

It is noteworthy that bioenergy can also be a waste management solution as organic waste, especially 

wood-based materials, provide valuable feedstock. Using anaerobic digestion for treating and 

managing livestock manures and slurry and organic waste (mainly food) is a long-established 

application across the world. Capturing gas from landfills, wastewater and sewage sludge are also 

common sources of bioenergy in some countries [88]. The use of agricultural and forest residues for 

bioenergy is another example of managing waste that would otherwise be burned in the fields, leading 

to significant CO2 and particle emissions [89]. 

Although bioenergy is typically considered carbon-neutral, there are challenges to its wide 

implementation, including concerns about land use, crop usage, energy efficiency, and cost [90]. The 

life cycle impacts of the bioenergy industry, particularly GHG and aerosols emissions from conversion 

processes, must be further examined and understood [91]. Sustainable production of biodiesel, for 

instance, which is technologically established, can be challenging. In addition to high prices, the 

production of biodiesel relies on high-quality oil seeds such as rapeseed and sunflower while the use 

of such high-energy crops for energy is in direct competition with their use as food and animal feed. 

Other concerns about bioenergy include food security, deforestation and loss of biodiversity, and 

international trade imbalances [92]. 

1.2. Conversion Technologies 

1.2.1. Thermochemical processes 

Direct combustion is the most common form of bioenergy conversion and is typically used at fossil-

fuel power plants. The process involves the combustion of solid biomass feedstock, often wood-based, 

in the presence of excess oxygen in boilers to produce steam. The heat produced from the combustion 

process can also be used in direct thermal applications, e.g., to heat buildings. Thermochemical 

conversion uses heat and chemicals to break down the cellulose in the feedstock to make the so-called 

syngas. There are two main thermochemical processes: 

a) Pyrolysis uses high temperature and pressure in the absence of oxygen to decompose organic 

matter, resulting in gas, pyrolysis oil (bio-oil), or charcoal (bio-char), depending on the reaction 

temperature. Bio-oil is the most common product as with the widest end-uses, e.g., space or water 

heating in buildings and power generation.  

b) Gasification converts solid fuel to gas through either a chemical or thermal process. Solid biomass 

like wood-waste temperatures above 700 ϲ/ ǿƛǘƘ ƭƛƳƛǘŜŘ ƻȄȅƎŜƴΣ ŎǊŜŀǘƛƴƎ ŀ flammable synthesis gas 

ƪƴƻǿƴ ŀǎ άǎȅƴƎŀǎέΦ {ȅƴƎŀǎ ƛǎ ǘƘŜƴ ŜƛǘƘŜǊ ŎƻƳōǳǎǘŜŘ ǘƻ ǇǊƻŘǳŎŜ ǎǘŜŀƳ ƛƴ ŀ ōƻƛƭŜǊ ŦƻǊ ŜƭŜŎǘǊƛŎƛǘȅ ƻǊ ƘŜŀǘ 

for thermal applications. 
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1.2.2. Biochemical Processes 

Cellulosic materials that are difficult to break down and thus cannot be directly burned can be 

converted into ethanol using biochemical processes. Biochemical conversion relies on a variety of high-

temperature, high-pressure treatment techniques to break down the lignin and hemicellulose that 

surround the cellulose. Through hydrolysis using enzymes and acids the cellulose is then broken down 

into sugar which in turn is fermented to produce ethanol. The related processes are: 

a) Anaerobic digestion which entails the decomposition of organic waste by microorganisms in the 

absence of oxygen. This process produces a gas composed largely of methane and carbon dioxide. The 

methane can then be separated for use in power or heat generation, or any other application 

traditionally using natura gas. This process is discussed in a separate report. 

b) Fermentation of starchy plants leads can covert sugars into alcohol. This process is commonly used 

to produce ethanol from corn and sugarcane. 

1.2.3. Transesterification 

Transesterification is the process of converting oils or fats into biodiesel. The process involves the 

removal of water and contaminants from the feedstock, mixing with alcohol (typically methanol), and 

a catalyst such as sodium hydroxide. Fatty acid methyl esters and glycerin are produced as by-products 

of the process. The glycerin can be used in pharmaceuticals and cosmetics, while the esters are 

considered biodiesel and can be used as vehicle fuel or for other fuel purposes. 

Using algae to produce biofuels based through transesterification is an area of increasing interest in 

research and development, mainly due to the high photosynthetic efficiency of algae. Short-term 

prospects algae-based energy remain nevertheless low due to the relatively high cost of cultivating 

and harvesting algae [93]. 

2. Cost 

The cost of biomass technologies varies significantly by technology and country. As an example, the 

maturity stage and cost of various power generation technologies are shown in Fig. A5. 2 [91]. A 

detailed costing analysis is available in reference [94]. 

 

Fig. A5. 2. Biomass power generation technology maturity status (2011).  
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Generation capacity is a key factor in the cost of bioenergy. As shown in Fig. A5. 3 [95], the specific 

cost of bioenergy-based power generation ώϵκƪ²ϐ ŘŜŎǊŜŀǎŜǎ ōȅ ƳƻǊŜ ǘƘŀƴ тл҈ ŀǎ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ 

capacity increases from 75 kW to 1,000 kW [92]. 

 

Fig. A5. 3. Specific power generation cost of bioenergy as a function of plant size. 

Among renewable energy sources bioenergy remains a relatively expensive option. A 2016 study 

concluded that, despite the increasing bioenergy supply in absolute terms, the share of bioenergy in 

ǘƘŜ 9¦Ωǎ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ƳƛȄ ǿƛƭƭ ŘŜŎǊŜŀǎŜ ōȅ нлол ŘǳŜ ǘƻ ǘƘŜ ƭƻǿŜǊ ǇǊƛŎŜ ƻŦ ƻǘƘŜǊ ǊŜƴŜǿŀōƭŜ 

sources, particularly solar and wind, see Fig. A5. 4 [96].  

 

Fig. A5. 4. Gross final renewable energy demand in 2014 (actual demand) and optimal RES mix 

for meeting the 27% EU renewables target. 

According to a 2020 study [97]Σ ōƛƻŜƴŜǊƎȅ Ŏƻǎǘǎ ŀǊŜ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ ср ǘƻ мру ϵκa²Ƙ όмт-пп ϵκDWύ ŦƻǊ 

biomass feedstocks and пу ǘƻ млп ϵκa²Ƙ όмо-нф ϵκDWύ ŦƻǊ ǿŀǎǘŜ-based bioenergy, compared to the 

fossil fuel prices in the range of 30-рл ϵκa²Ƙ όуςмп ϵκDWύΦ {ƛƎƴƛŦƛŎŀƴǘ ǇƻǘŜƴǘƛŀƭǎ ŦƻǊ Ŏƻǎǘ ǊŜŘǳŎǘƛƻƴ 
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have been identified, mostly through non-technical developments, e.g. additional commercial plants, 

more favourable financing terms and supportive policies [93]. It is estimated that such measures can 

reduce the production costs for biofuels produced from biomass feedstocks to between 42 and 119 

ϵκa²Ƙ όмн-оо ϵκDWύ ŀƴŘ нф-тф ϵκa²Ƙ όу-нн ϵκDWύ ŦƻǊ ǿŀǎǘŜ-based fuels [93]. 

3. Bioenergy in Europe 

In the Europe Union, bioenergy has long been the main renewable energy source (60%), with heating 

and cooling the largest end-users of bioenergy (75%) [98]. Fig. A5. 5 shows the share of bioenergy in 

ǘƘŜ 9¦Ωǎ ŜƴŜǊƎȅ ǎŜŎǘƻǊ [95]Φ aƻǊŜ ǘƘŀƴ фл҈ ƻŦ ǘƘŜ 9¦Ωǎ ōƛƻƳŀǎǎ ǎǳǇǇƭȅ ŦƻǊ ōƛƻŜƴŜǊƎȅ ƛǎ ǎƻǳǊŎŜŘ ŦǊƻƳ 

within the EU. See Fig. A5. 6. As shown in Fig. A5. 7, forestry is the main source of biomass for energy 

in the EU (logging residues, wood-processing residues, fuelwood, etc.), with the share of waste, and 

agricultural crops and by-products rapidly growing in the last 15 years. In 2019, Germany, France, Italy, 

Sweden and the UK were the largest bioenergy consumers in absolute terms, while the Scandinavian 

and Baltic countries, as well as Austria, consume the most bioenergy per capita [95]. 

 

Fig. A5. 5. Bioenergy in the EU: share in gross final energy consumption, renewable energy supply and end-uses (2016). 

 

Fig. A5. 6. Bioenergy supply in the EU (2016). 
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Fig. A5Φ тΦ 9¦Ωǎ ŘƻƳŜǎǘƛŎ ōƛƻŜƴŜǊƎȅ ǎǳǇǇƭȅΦ ό5ŀǘa from 2006, 2016 and initial projections for 2020). 
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Appendix 6 : Biogas  

1. Technical Description 

1.1. Biogas 

Biogas is a mixture of methane, carbon dioxide and small quantities of other gases produced by 

anaerobic digestion of organic matter in an oxygen-free environment [99]. The precise composition of 

biogas depends on the type of feedstock and the production pathway. The main methods of biogas 

production are the controlled digestion of biomass as well as recovery of the gas generated in landfills. 

For use as a transportation fuel or for injection into the natural gas grid, biogas must be upgraded to a 

ƘƛƎƘŜǊ ƎǊŀŘŜΣ ƛΦŜΦ ƘƛƎƘŜǊ ƳŜǘƘŀƴŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ άōƛƻƳŜǘƘŀƴŜέ ƻǊ άǊŜƴŜǿŀōƭŜ ƴŀǘǳǊŀƭ 

Ǝŀǎέ [99]. Fig. A6. 1 [99] shows the general processes of biogas production from organic waste and 

applications in heating, power generation and fuel production (biomethane). The production of biogas 

through anaerobic digestion is one of the most energy-efficient and environmentally beneficial 

bioenergy technologies and has advantages over other forms of bioenergy production [100]. In 

addition, emission regulations, carbon taxes and subsidies on biomass energy has made anaerobic 

digestion an increasingly attractive and competitive waste management solution [100,101]. 

 

Fig. A6. 1. Overview of biogas production, upgrading to biomethane and end-uses.  

1.2. End Use 

1.2.1. Power Generation 

Power generation from biomass is currently the most popular and growing market worldwide, due to 

technological improvements, decreasing reliance on fossil-based energy, and reduction of greenhouse 

gases (GHG) emissions. Biogas is used for electricity generation through internal combustion engines 

or gas turbines. 
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1.2.2. Heat generation 

Biogas can be directly combusted in boilers for heat generation only. With slight modification, natural 

gas boilers can be operated with biogas. In agriculture, the heat generated from biogas can be used 

for heating digesters, farm buildings, greenhouses, as well as aquafarming, cooling/refrigeration of 

farm products, and drying purposes. 

1.2.3. Combined heat and power (CHP) generation 

In heat- or power-only systems, the conversion efficiency is typically between 30% and 40%, which can 

be even lower when using biogas. Combined generation of heat and electricity improves the energy 

conversion efficiency of biogas up to 80%. 

1.2.4. Transportation Fuel 

Biogas upgraded to biomethane can be readily used in natural gas-powered vehicles as another option 

for fossil natural gas. Generally, biogas can be improved to transportation fuels (bio-CNG) that can be 

stored in the form of liquefied biogas (LBG), syngas/hydrogen, methanol for gasoline production, 

ethanol, and higher alcohols. 

1.3. Anaerobic Digestion 

Anaerobic digestion or decomposition is a process by which symbiotic microorganisms (bacteria and 

archaea) transform organic materials in oxygen-free conditions into biogas, nutrients and additional 

cell matter, leaving salts and refractory organic matter. Raw biogas typically consists of 40-60% 

methane, with the remainder being mostly carbon dioxide and water vapor along with trace amounts 

of hydrogen sulphide. In nature this process occurs in environments such as marshes, ponds, swamps, 

paddy fields, lakes, hot springs, landfills, sewage digesters, oceans and intestinal tracts of humans and 

animals [100]. Industrial application of the anaerobic treatment process far exceeds biogas production. 

Anaerobic digestion is used in waste management includes septic tanks, sludge digesters, industrial 

wastewater treatment, municipal wastewater treatment, hazardous waste management (aromatic 

and halogenated compounds), and agricultural waste management. Much of the fermentation used 

industrially to produce food and drink products is based on anaerobic digestion. 

 

Fig. A6. 2. Biomethane potential and theoretical biogas contents. 
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Conventionally, biogas production has mainly been coupled with the treatment of cattle manure and 

sewage sludge from wastewater treatment plants (WWTP) [102]. Currently, most of biogas plants 

digest cattle manure with other substrates to increase the organic content for enhanced biogas 

production. Co-substrates commonly include harvest residues, agricultural waste, food waste, and 

household waste. While fats provide the highest biogas yields, their retention times are high as well as 

having poor bioavailability, as shown in Fig. A6. 22 [102,103] Carbohydrates and proteins, on the other 

hand, get rapidly converted into biogas, but provide relatively low gas yields. 

Various factors like biogas potential of feedstock, design of digester, inoculum, nature of substrate, 

pH, temperature, loading rate, hydraulic retention time (HRT), carbon nitrogen ratio, volatile fatty 

acids (VFA) etc. influence the biogas production. Anaerobic digestion can be performed as a batch 

process or a continuous process. In batch system biomass is added to the reactor at the start of the 

process while in continuous digestion processes, the biomass is constantly added to the reactor. 

Anaerobic digestion is both a waste treatment technology, which enhances environmental quality and 

a sustainable energy producing technology. 

1.4. Upgrading to Biomethane 

Various technologies can be used to increase the methane (CH4) content of the biogas, i.e., remove 

carbon dioxide (CO2), water and vapor hydrogen sulphide (H2S). Largely derived from other sectors 

(e.g., cryogenic separation of gases for medical or other industrial applications), these technologies 

include physical and chemical absorption, adsorption, membrane and cryogenic separation. The 

following review of the upgrading technologies currently available at commercial scale is adopted from 

reference [104] which should be consulted for further details.  

¶ Pressure Swing Adsorption is a technique based on the selective adhesion of one or more 

components of a gaseous mixture, on the surface of a microporous solid; the material for 

biogas upgrading is typically equilibrium-base adsorbents. The pores of the adsorbent should 

allow an easy penetration of the CO2 molecules, whereas filtering the larger CH4 molecules. 

¶ Absorption techniques are based on the solubility of the gases contained in biogas in certain 

liquids. Typically, either water or an organic solvent (e.g., methanol, N-methyl pyrrolidone, and 

polyethylene glycol ethers) is used in physical absorption plants, whereas amine scrubbing is 

widely used for chemical absorption. 

¶ Water scrubbing is used as an upgrading technique as well as a pre-treatment (e.g., before 

PSA) for the removal of H2S. The main limit of the WSC is that significant plant size is required 

to achieve high final concentration of methane.  

¶ Chemical scrubbing involves reversible reactions between absorbed substances and solvent. 

The most common solution for biogas upgrading is based on amines: diethanolamine, 

monoethanolamide, methyl diethanolamine and piperazine. 

¶ Membrane separation uses permeable barriers, specifically designed to be selective to specific 

molecules. Differences in concentration, pressure, temperature, or electric charge drive the 

gas mixture across the membrane, where undesirable contents (CO2, H2S) are removed. The 

main categories are polymeric, inorganic, and mixed matrix membranes. Inorganic membranes 

have several advantages compared to polymeric, mainly due to their higher mechanical 

 
2 TS: per total solids tonne 
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strength, chemical resistance and thermal stability. The current trend in industrial applications 

is to use mixed matrix membranes. 

¶ Cryogenic separation is a well establish technology for gas separation in various large-scale 

industrial applications. The physical principle behind cryogenic technique is that gases like CO2 

and H2S liquefy under different pressure and temperature conditions. cryogenic plants operate 

at very low temperatures (-170 ϲ/ύ ŀƴŘ ǾŜǊȅ ƘƛƎƘ ǇǊŜǎǎǳǊŜǎ όул ōŀǊύΦ 

¶ Biological upgrade techniques are an emerging alternative to the current chemical and 

physical upgrading techniques. The working principle is separation via microorganisms 

(hydrogenotrophic methanogenesis) that convert CO2 and H2 into CH4. Despite its potential, 

challenges are limiting the market deployment and the current practical interest. 

Water scrubbing, membrane separation and chemical scrubbing are the most common upgrading 

techniques. Fig. A6. 33  below shows the number of biogas upgrading plants using each of the 

techniques enumerated above, based on data from 37 leading countries participating in an 

International Energy Agency project on bioenergy [105]. 

 

Fig. A6. 3. The use of biogas upgrading techniques at operational units in the participants countries in the IEA Bioenergy 

Task (2016-2019). 

1.5. Methanation 

A second, less common method for converting biogas to biomethane is thermal gasification followed 

by methanation whereby woody biomass is first broken down at high temperature (between 700 - 800 

ϲ/ύ ŀƴŘ ƘƛƎƘ ǇǊŜǎǎǳǊŜ ƛƴ ŀ ƭƻǿ-oxygen environment. Under these conditions, the biomass is converted 

into a mixture of gases, mainly carbon monoxide, hydrogen, and methane (sometimes collectively 

called syngas). To produce a pure stream of biomethane, this syngas is cleaned to remove any acidic 

and corrosive components. The methanation process then uses a catalyst to promote a reaction 

between the hydrogen and carbon monoxide or CO2 to produce methane. Any remaining CO2 or water 

is removed at the end of the process [99]. 

The possibility of methane leakage from bioenergy technologies should be highly attached attention. 

 
3 PSA: pressure swing absorption 
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2. Performance 

Biogas is a rapidly expanding source of renewable energy. Between 2000 and 2018, the global biogas 

production increased from 0.29 EJ to 1.36 EJ, with a global volume of 59.3 billion m3 biogas [106]. In 

the European Union, primary energy production from biogas has increased from just 167 PJ in 2005 to 

710 PJ in 2018, accounting for half of the global biogas production [106]. While the contribution of 

landfill gas (LFG) recovery has plateaued, anaerobic digestion (AD) plants have contributed a major 

ƎǊƻǿǘƘ ǘƻ ǘƘŜ 9¦Ωǎ ƛƴŎǊŜŀǎŜŘ ōƛƻƎŀǎ ǇǊƻŘǳŎǘƛƻƴΣ ŦƻƭƭƻǿŜŘ ōȅ ǎŜǿŀƎŜ Ǝŀǎ ŦǊƻƳ ǿŀǎǘŜǿŀǘŜǊ ǘǊŜŀǘƳŜƴǘΦ 

In the United States, there were more than 2100 biogas plants in 2017, of which 250 farm-based 

digestion plants using livestock manure [107], 654 biogas recovery plants from landfills [108]. Biogas 

in the US plants had an installed electricity capacity of 2400 MW in 2015 and 2438MW in 2016 and 

generated 1030 GWh electricity [108ς110]. 

In developing countries, biogas is mainly produced in small, domestic-scale digesters to provide a fuel 

for cooking or even lighting, in comparison to developed countries, where biogas developments 

focused on larger scale, farm based and commercial, electricity and heat biogas plants. Different biogas 

support programmes have been carried out to develop household biogas systems to provide people 

with biogas for cooking, as an alternative energy source, to reduce firewood consumption and avoid 

deforestation, decrease indoor air pollution, and improve soil fertility. Several countries in Asia (China, 

Thailand, India, Nepal, Vietnam, Bangladesh, Sri Lanka, and Pakistan) have large programmes for 

domestic biogas production. 

3. Cost 

3.1. Production costs 

Globally, biogas production costs lie in a relatively wide range between USD 6.6/kWh to USD 66/kWh. 

In Europe, the average cost is around 16/kWh [99]. Between 70% and 95% of the total biogas costs are 

for installing biodigesters, with the remainder involving feedstock collection and processing costs [99]. 

There is huge variability, as feedstocks can be zero-cost or even negative in cases where producers of 

ǿŀǎǘŜ ŀǊŜ ƻōƭƛƎŜŘ ǘƻ Ǉŀȅ ǘƻ ŘƛǎǇƻǎŜ ƻŦ ǘƘŜƛǊ ǿŀǎǘŜΣ ǿƘŜǊŜŀǎ ƛƴ ƻǘƘŜǊ ŎŀǎŜǎ άƎŀǘŜ ŦŜŜǎέ ŦƻǊ ŎŜǊǘŀƛƴ 

agricultural feedstocks may be as high as USD 100/tonne in some regions [99]. Fig. A7. 4 [99] shows 

the global average cost of biogas production through various technologies4. 

Biogas is produced and consumed locally, meaning transportation costs are negligible. However, these 

estimates exclude the investments required to transform biogas into electricity or heat, and this can 

be considerable in some cases; for example, adding a cogeneration unit and including power grid 

connection and heat recovery distribution can add an additional 70% to the costs of an integrated 

project. While constructing larger and more industrialised facilities could provide some economies of 

scale, in general there is only modest scope for cost reductions as the main production technologies 

are already mature. Cost-competitive production routes do exist, however, in all regions, landfills 

equipped with a gas recovery system could provide biogas for less than USD 10/kWh; this represents 

around 8% of the global supply potential. 

 

 
4 м a.ǘǳ Ғ лΦнф ƪ²Ƙ 
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Fig. A6. 4. Average costs of biogas production technologies per unit of energy produced (excluding feedstock), 2018. 

Lƴ 9ǳǊƻǇŜΣ ǘƘŜ Ŏƻǎǘ ƻŦ ŀƴŀŜǊƻōƛŎ ŘƛƎŜǎǘƛƻƴ Ǉƭŀƴǘǎ Ƙŀǎ ŀ ƭŀǊƎŜ ǎǇǊŜŀŘΥ ϵпфκa²Ƙ ǘƻ ϵфлκa²Ƙ 

όϤϵлΦрлκƳ3 ǘƻ ϵлΦфлκƳ3), mainly depending on feedstock and digester size [111]. The production cost 

ŦƻǊ ǘƘŜǊƳŀƭ ƎŀǎƛŦƛŎŀǘƛƻƴΣ ƛƴ ŎƻƴǘǊŀǎǘΣ ƛǎ ŜǎǘƛƳŀǘŜŘ ŀǊƻǳƴŘ ϵфл-ϵмллκa²Ƙ όϤϵмΦлκƳ3). The cost drivers 

for biogas production include capital and operational costs, the size of the digester, the production 

technique, and the feedstock cost (Table A6. 1). Biomethane production costs additionally include the 

cost of the upgrading unit. The costs of larger plants with certain waste stream feedstocks are gradually 

decreasing. Table A6. 1 provides an overview of the biogas production costs in Europe [99,111]. 

Table A6. 1. Overview of the cost values (2018) for the most important parameters in biomethane anaerobic digestion 

production process. 

Technology 
Digester size 

(Nm3/hr)  

Biogas digester Upgrading to 
Bio-methane 
όϵκa²Ƙύ 

Feedstock cost 
όϵκǘ5aύ 

/!t9· όϵκa²Ƙύ5 ht9· όϵκa²Ƙύ 

Small anaerobic digestion 100 25 22 

2 - 4 

Range: 
0 - 120 

 
Average: 

19-36 

Medium anaerobic digestion 500 20 17 

Large anaerobic digestion 1000 15 12 

Very large >2000-3000 Not available Not available 

 

3.2. Investment and Revenue 

Due to the characteristically high specific cost of biomethane projects, in many cases, a single farmer 

or even a consortium of investors cannot finance the whole project by equity capital [112]. Therefore, 

borrowed capital is essential for the implementation of a biomethane plant. The Renewable Gas Trade 

Centre in Europe (REGTARACE)6 has recently published a detailed report of the various financing 

schemes that could be used for biomethane plants along with several case studies from various 

European counties [112]. Fig. A6. 5. [112] shows the general financing scheme and case and services 

flow of biomethane plants. The reader is referred to reference [112] for details. 

 
5 Converted from USD/MBtu and rounded, assuming 1 ¦{5 Ґ ϵлΦур 
6 https://www.regatrace.eu/ 

https://www.regatrace.eu/
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Fig. A6. 5. General financing scheme of biomethane projects. 

Fig. A6. 6 provides an overview of the revenue generation sources for a biomethane plant. The main 

source is feeding the produced renewable gas into the grid or sales of a bio-CNG or bio-LNG substitute 

[112]. 

 

Fig. A6. 6. Revenue streams of biomethane. 

4. Applications 

Biogas has numerous end-use applications compared with other renewable energy resources. 

applications Biomethane in particular is a flexible and easily storable fuel that can be used wherever 

natural gas is used without the need to change any settings on equipment designed to use natural gas. 

Where a natural gas grid exists, it can be readily used to distribute biomethane. The main challenge 
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facing biomethane grid injection is cost [113]. Moreover, there is a growing need for balancing gas 

supply and demand, particularly in low-pressure parts of the network and at times of low demand such 

as in the summer months [113]. Managing a grid with several many feed-in points will become a 

greater challenge as the amount of biomethane injected increases. At the same time, the storage 

capacity of the gas grid offers great potential to absorb fluctuations in power production from 

renewable energy sources such as wind and solar [113]. 

4.1. Non-farming applications 

Traditionally, biogas has been used as fuel for boilers to produce heat or for cogeneration of heat and 

electrical power in combined heat and power (CHP) generation plants where electricity is generated 

by burning fuel (natural gas or biogas) and then a heat recovery unit is used to capture heat from the 

ŎƻƳōǳǎǘƛƻƴ ǎȅǎǘŜƳΩǎ ŜȄƘŀǳǎǘ ǎǘǊŜŀƳΦ ¢Ƙƛǎ ƘŜŀǘ Ŏŀƴ ōŜ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ǳǎŜŦǳƭ ǘƘŜǊƳŀƭ ŜƴŜǊƎȅΣ ǳǎǳŀƭƭȅ 

in the form of steam or hot water [114]. These CHP systems are normally provided with a four-stroke 

engine or a diesel engine. Biogas can also be used in a boiler to produce steam for driving engines or 

turbines; examples include the organic Rankine cycle (ORC), the Cheng cycle, the steam turbine, the 

steam piston engine and/or the steam screw engine [114]. Biogas properties will have a significant 

impact on the selection of technology for conversion to heat and/or electricity. In general, the biogas 

composition and production rate are influenced by the type of digestion process and feedstock used 

[114]. Fig. A6. 7 provides an overview of the heat and/or power generation applications of biogas. 

Working principles and schematics of the corresponding systems can be found in [114]. 

 

Fig. A6. 7. Use of biogas for various stationary applications (S-removal: removal of sulphur compounds). 

Biomethane is a high-quality energy carrier, fully miscible and interchangeable from a combustion 

point-of-view with its fossil counterpart, natural gas [115]. This is the main advantage of biomethane 

over other biofuels. Moreover, biomethane offers an opportunity to make the natural gas vehicle 

(NGV) market green, while forming a virtual gas grid in areas where an extensive gas grid does not 

exist. Fig. A6. 8 (reproduced from [115]) shows compressed natural gas mobile units are handled with 

hook lift trucks, forming a virtual grid supply for refuelling stations far from the natural gas grid or 

biomethane production plants in courtesy of FordonsGasSverige AB. And J. Murphy. 
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Fig. A6. 8. (a) Natural gas mobile units and (b) refuelling stations for biomethane. 

4.3. Farm Applications 

There is great synergy for the implementation of biogas and biomethane plants in the agriculture 

sector. In addition to economic benefits from energy and fuel generation, anaerobic digestion plants 

provide additional environmental benefits such as reducing the use of chemical fertilizers in farms, 

nutrient runoff and methane emissions [116]. Traditionally, manure is directly used as fertiliser in 

agriculture, which could cause environmental problems, water contamination and pollution. 

Moreover, natural degradation of manure leads to the emission of methane and carbon dioxide. 

Anaerobic digestion contributes to mitigate odours associated with manure storage and 

decomposition and removes pathogens that can pose risk to human and animal health. Digestate from 

biogas production can still be used as fertiliser, just like manure, having the same content of nutrients 

as manure. Fig. A6. 9 presents the layouts and energy flows of two example biogas plants from farms 

in Germany [117]. 

 

Fig. A6. 9. Continue 
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Fig. A6. 9. Small biogas plants in Germany with aim of (a) minimum investment cost and (b) treating a large share of solid 

substrates from organic farming. 

4.4. Biogas in Europe 

Within the EU, biogas production varies greatly in terms of both capacity and source. As of 2015. the 

leading countries in the biogas production in the EU were Germany, UK, Italy, Czech Republic and 

France. Germany is the European leader with a biogas production of 329 PJ and a share of 50% of total 

biogas production. The appendix provides detailed information about biogas production in Europe. 

Latest data show that the number of biomethane plants in Europe has increased by more than 50% is 

only 2 years [118]. Germany has the highest share of biomethane plants (232), followed by France 

(131) and the UK (80) [118]. See Fig. A6. 10. It is estimated that, continuing the current trajectory, 

9ǳǊƻǇŜΩǎ ōƛƻƎŀǎ ŀƴŘ ōƛƻƳŜǘƘŀƴŜ ǎŜŎǘƻǊǎ ŎƻƳōƛƴŜŘ Ŏŀƴ ŀƭƳƻǎǘ ŘƻǳōƭŜ ǘƘŜƛǊ production by 2030 and 

more than quadruple by 2050 [118]. The estimated potential is in the 34 - 42 billion m3 (equivalent to 

370 - 467 TWh) range by 2030 and up to 95 billion m3 (1,008 - 1,020 TWh) by 2050 [118].  

 

Fig. A6. 10. The number of biogas plants in Europe. 
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EurƻǇŜΩǎ ōƛƻƎŀǎ ŎƻƳŜǎ ŦǊƻƳ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ŘƛǾŜǊǎŜ ŦŜŜŘǎǘƻŎƪǎΥ ŀƎǊƛŎǳƭǘǳǊŀƭ ǊŜǎƛŘǳŜǎ όƭƛǾŜǎǘƻŎƪ 

manure, crop residues and energy crops), industrial residues from food and beverage industry, 

biowaste and municipal organic waste, sewage sludge, etc. The use of energy crops (grasses, silage 

maize, etc.) for biogas production has increased significantly, especially in Germany, in the past two 

decades due to high biogas yields and favourable support schemes. As shown in Fig. A6. 11, agricultural 

resides are also a major source of the feedstock in many European countries [119]. 

 

Fig. A6. 11. Feedstock use in biogas plants in Europe. 
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Appendix 7 : Hydrogen  

1. Hydrogen application in Livestock/Agricultural 

Livestock and agricultural facilities can have significant power consumption in the form of electricity 

from the grid and fossil fuels for climate control, irrigation, machinery etc. Renewable energy sources 

such as photovoltaic cells, wind turbines and geothermal plants have been steadily gaining popularity 

over the recent years since they can lower the operational costs for energy and help meet the 

national/European environmental goals for carbon neutrality. 

It is thus clear that energy self-sufficiency is a desired outcome from both an economical and an 

ecological perspective, especially for these types of facilities that are often located in rural and natural 

areas with limited accessibility, where the cost and environmental impact of power line installation 

and resource transportation can be significantly higher. Nonetheless, the intermittent power 

production from RES and the variable energy demands from such facilities can pose several challenges 

[120].  

The design and sizing of the renewable energy system requires a careful consideration of the power 

generation potential and the local energy demand, which includes the difficulties derived from the 

inherently different daily and seasonal profiles of energy consumption and demand. To achieve the 

goal of energy self-sufficiency, a considerable energy production surplus is usually required even if 

smart energy management algorithms are implemented. Energy storage systems, usually in the form 

of batteries, are often installed to mitigate these problems. This results in a stable supply, which can 

meet the demand independently of the instantaneous production of energy.  

Nonetheless, batteries are only usable for short term storage (a few days) due to technical and 

economic limitations. Hydrogen production, storage, and usage can be a viable, eco-friendly 

alternative to batteries for long-term energy storage. In this case, hydrogen molecules act as an 

intermittent energy carrier, helping to bridge the gap between the times of energy generation from 

RES and consumption at the facility, respectively. Power generation from RES can have a strong 

seasonal variation due to the climate, and the demand for energy can also have a seasonal profile for 

the same reason. Therefore, hydrogen tanks can act as an adequately sized energy reserve for the 

most unfavourable period, and as a long-term energy storage system during the period of considerable 

energy surplus. 

Nonetheless, hydrogen technologies are far less developed than battery-based alternatives and 

commercially available solutions are not particularly common. Additional research through pilot units, 

along with governmental support and subsidies might be a necessity for the successful implementation 

of hydrogen technologies in such a context, until market is achieved. However, the possibility of 

hydrogen leakage should be highly attached attention. 

2. Hydrogen Production 

In the context of a livestock/agricultural facility, hydrogen can be produced either from surplus RES 

power through electrolysis, or from biomass through gasification. 

Electrolysis: Hydrogen production through electrolysis requires a system consisting of a water purifier, 

an electrolyser, a compressor, and storage tanks [121]. Due to the possibility of an explosive failure, 
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the system must be enclosed in a suitable space that follows the ant-explosion regulations (ATEX) and 

be continuously monitored for temperature and hydrogen leaks [122].  

In the electrolyzing reaction, water is fed into the electrolyser and electricity is applied to the 

electrodes, causing the water to split into hydrogen and oxygen. The electrolyser can either use an 

alkaline water solution or a proton exchange membrane fuel cell, which can also operate in reverse to 

convert stored hydrogen to electricity. Most commercially available electrolysers for industrial 

applications operate at an efficiency of approximately 80% [123]. The hydrogen produced through 

electrolysis is subsequently compressed and stored in composite material vessels specifically designed 

for pressurised/liquified hydrogen storage. An example of a green hydrogen production unit has been 

installed in a winery in Spain, as shown in Fig. A7. 1. 

 

Fig. A7. 1. (a) Flow chart and (b) photograph of the green hydrogen production unit installed at the pilot unit placed at 

the Vinas del Vero winery, at the Somontano region, north of Aragon (Spain). 

Biomass: It is possible to produce hydrogen from agricultural/livestock waste through processes based 

on biomass gasification. A biomass to hydrogen conversion efficiency of up to 69% has been reported 

in literature [124]. Gasification is the thermochemical conversion of a carbonaceous solid fuel into a 

product gas in the presence of a specific gasification agent [123]. The main difference between the 
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existing gasification technologies is the gasification agent being used and the way heat is supplied, 

which is necessary because of the endothermic gasification reactions. This heat can either be added 

externally or generated internally by the full combustion of some biomass. These processes can also 

differ significantly regarding the reactor design, which distinguishes between fixed bed, fluidized bed, 

and entrained flow reactors and the used gasification agent. Adding steam as a gasification agent is 

the most common practice, not only due to the stoichiometric effect, but also for temperature 

moderation within the reactor [125,126]. 

Hydrogen production through gasification generally requires the following steps: 

¶ Evaporation of moisture at temperatures up to 150 ϲ/ 

¶ Pyrolysis, therefore releasing of volatiles (H2, CO, CO2, CH4, tar, etc.) between 200 and 650 ϲ/ 

¶ Reaction of volatiles in the gas phase between 700 and 1000 ϲ/ 

¶ Heterogeneous reaction of char between 700 and 1000 ϲ/ 

After completing the steps of product gas upgrading and hydrogen separation (Fig. A7. 2), a hydrogen 

stream with a purity of as high as 99.97% can be produced. 

 

Fig. A7. 2. Flow chart of the general process layout for hydrogen production via gasification. 

An example of hydrogen production through biomass gasification was installed and tested in the U.S., 

at the Thermal and Catalytic Process Development Unit for Gasification (TCPDU) of the National 

Renewable Energy Laboratory (NREL) [127], as shown in Fig. A7. 3. 

 

Fig. A7. 3. Facility for Hydrogen production through biomass gasification. 

3. Hydrogen Applications 

The energy stored in the form of hydrogen can be converted back to electricity by feeding the hydrogen 

gas to fuel cells. The most common technology employed for small scale facilities is the Proton 
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Exchange Membrane Fuel Cell (PEMFC), as shown in Fig. A7. 4 [128]. In this type of fuel cell, Hydrogen 

is fed into the anode of the fuel cell and air into the cathode. A catalyst embedded in the anode strips 

ionises the hydrogen atoms and the resulting protons migrate through the electrolyte to the cathode, 

while the free electrons are diverted to an external circuit where they create a continuous electrical 

current (DC) on their way to the cathode. At the fuel cell cathode, they reunite with the protons and 

oxygen from the atmospheric air to produce clean water. Heat is also a by-product of this reaction 

[129]. All the products of the fuel cell operation (electricity, heat and clean water) can be utilised at a 

livestock farm or any agricultural facility in general. 

 

Fig. A7. 4. Flowchart of the principle of operation and the schematic of a PEM Fuel Cell.  

The fuel cells can either be permanently installed at a facility as a stack part, providing electricity to 

the installation, or on vehicles powered by electrical motors (fuel cell vehicles) [130]. The potential of 

using hydrogen fuels for agricultural applications was recently demonstrated by a series of fuel-cell 

powered tractor that also make use of mobile communications, resulting in agricultural machinery that 

can either be used in self-driving mode or be remotely controlled (Fig. A7. 5) [131]. 

 

Fig. A7. 5. Concept of a Hydrogen Fuel Cell powered tractor (Valtra H202). 
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Another method for using the stored hydrogen is by feeding it to a suitably designed internal 

combustion engine. This engine can either be coupled to an electrical generator to power the 

installation, or it can be mounted on a vehicle (Hydrogen internal combustion engine vehicle-HICEV). 

A HICE can either come in the form of a modified gasoline engine, or as a microturbine (Fig. A7. 6 

[132,133]). An obvious advantage of this type of engine is that the combustion of hydrogen with 

oxygen produces water vapour as its only product, therefore their carbon footprint is zero. 

Nonetheless, due to the high temperatures achieved by hydrogen combustion, oxides of nitrogen, 

known as NOx, are also produced. As a result, hydrogen combustion engines are not considered zero 

emission. 

 

Fig. A7. 6. (a) A hydrogen fuelled piston engine and (b) a hydrogen microturbine.  

The efficiency of any HICE is, by definition, lower than that of a fuel cell-electric motor combination, 

but the cost once technology maturity has been achieved can be lower. Hydrogen combustion engines 

are particularly sensitive to transience in load, in terms of efficiency, and therefore more suited to 

constant load operations [134]. 
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Appendix 8 : Geothermal Energy  

1. Technical description 

1.1. Working Principle 

Geothermal energy technologies consider all technologies that use the soil for energetic applications. 

In general, a distinction is made between shallow and deep geothermal systems. Deep systems make 

use of the rising soil temperature at greater depths (> 500 m). Shallow systems make use of the natural 

and constant temperature at a depth between 10 and 150 m. This temperature fluctuates between 

рϲ/ ƛƴ ǘƘŜ ŜȄǘǊŜƳŜ ƴƻǊǘƘ ǘƻ нлϲ/ ƛƴ ǘƘŜ ŜȄǘǊŜƳŜ ǎƻǳǘƘ ƻŦ 9ǳǊƻǇŜΦ 9ǾŜǊȅ ƘǳƴŘǊŜŘ ƳŜǘŜǊǎ ŘŜŜǇŜǊ ƳŜŀƴǎ 

a temperature increase of average 2 to 3 K. In some European regions the thermal gradient can be 

substantially higher (Iceland, Italy, France, and etc.). The aim of deep geothermal applications is to 

extract high-ǘŜƳǇŜǊŀǘǳǊŜ ƘŜŀǘ όҔмнлϲ/ύ ŀǘ ƎǊŜŀǘ ŘŜǇǘƘǎ ŦƻǊ ŜƭŜŎǘǊƛŎƛǘȅ production (high-enthalpic 

applications) or medium-ǘŜƳǇŜǊŀǘǳǊŜ ƘŜŀǘ όғмнлϲ/ύ ŦƻǊ ŘƛǊŜŎǘ ƘŜŀǘƛƴƎ όƭƻǿ-enthalpic applications). 

1.2. Classification 

Shallow systems (limited to a depth of 150 - 250 m) can be further divided into different categories. 

There are the heat extraction systems on the one hand, the energy storage systems on the other and 

finally Earth-to-Air Heat Exchangers (EAHE), also known as Canadian Wells (Fig. A8. 1). 

 

Fig. A8. 1. Schematic of Canadian Wells. 

With heat extraction, the natural and constant temperature of the soil is used for heating. The ground-

coupled heat pump systems that extract heat from the ground are best known. A heat pump transfers 

the heat from a lower (5 ς 15 ϲ/ύ ǘƻ ŀ ƘƛƎƘŜǊ όор - 45 ϲ/ύ ǘŜƳǇŜǊŀǘǳǊŜ ƭŜǾŜƭΦ ¢Ƙƛǎ ƛǎ ŘƻƴŜ ŀǘ ŀ ƘƛƎƘ 

efficiency; the heat supply is on average 4 times the electricity consumption of the heat pump. Heat 

extraction can be done using available groundwater (open system) or via vertical or horizontal loops 

(closed systems). These are the options for ground-coupled heat pumps. With energy storage, thermal 

energy is stored seasonally with the intention of recovering this energy at the desired moment. The 

soil offers opportunities to store the winter cold for use in the summer and to recover summer heat in 
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the winter. The geothermal system acts as a kind of gigantic underground buffer. Energy storage uses 

the same basic technologies as for heat extraction but makes better use of the storage capacity of the 

subsurface (creating an Underground Thermal Energy Storage or UTES system). The use of 

groundwater results in Aquifer Thermal Energy Storage (ATES), the use of vertical heat exchangers 

leads to Borehole Thermal Energy Storage (BTES). When using Canadian Wells, a concrete or plastic 

(sewerage) pipe is placed in the ground at a depth of a few meters (horizontal). This system is typically 

linked to the ventilation system of a building for the purpose of pre-heating the cold outside air in the 

winter period and pre-cooling the ventilation air in the summer. All horizontal systems (with air or 

water) cannot be used as a storage system. Due to the shallow depth in which they are located and 

the less compact activation of the soil, there is a significant natural discharge of introduced cold or 

heat. 

When applying on a medium to large scale, such as in the applications in RES4LIVE, an energy storage 

system (ATES or BTES) should be considered in the first instance. Systems that only extract heat or cold 

risk becoming saturated when used on a large scale because the possibilities for natural soil 

regeneration have limits. The possibilities of Canadian Wells can be described as limited (only for small 

integrated ventilation applications < 10 kW). Also, deep geothermal systems are not considered in this 

overview, they are only useful at very big applications (> 5 MW). 

For the construction of geothermal, it is best to use local drilling companies, they have best knowledge 

of the specific geological conditions at local project sites. 

1.2.1. Electrical and/or thermal power output 

A shallow geothermal application is typically constructed at a depth of 50 to 200 m. The temperature 

of the sediments during thermal activation is 5 to 25 ϲ/Φ hŦ ŎƻǳǊǎŜΣ ǘƘƛǎ ƻƴƭȅ ƛƳǇƭƛŜǎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ 

thermal application of shallow geothermal energy, no electrical output can be achieved.  

In a closed geothermal system (BTES), the achievable thermal power is on average 3.5 kW (between 

2.5 - 5 kW) per borehole of 100 m depth. By bringing several boreholes together in a circuit, large 

power capacity can be achieved. With BTES, the power is therefore determined by the number of 

borehole meters, in combination with the thermal conductivity of the subsoil (type of sediment). 

In an open-source system (ATES), the thermal power is expressed per doublet, whereby depending on 

the source capacity (up to 150 m3/h, for example), the power can vary between 10 kW and no less 

than 1500 kW. Also here, several doublets can be applied in order to increase the thermal output. 

1.2.2. Typical sizes 

Geothermal installations can be built according to the need, ranging from small residential installations 

with just one well to hundreds of wells for large applications. For smaller applications, BTES is especially 

suitable, for large applications both BTES and ATES can be used. ATES systems are only cost-effective 

from a thermal capacity of 75 to 100 kW, because of the minimal investment cost required for a high-

quality construction. 

1.3. Mechanical construction 

1.3.1. Aquifer Thermal Energy Storage (ATES) 
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In order to realize Aquifer Thermal Energy Storage (or ATES), shown in Fig. A8. 2, two or more wells 

are drilled in an aquifer at a mutual distance of 20 to 200 meters. The depth of the wells is typically 50 

to 150 m. Too shallow wells can cause problems with clogging as groundwater can be oxygenated, too 

deep wells are too expensive and not cost effective. 

 

Fig. A8. 2. Schematic of Aquifer Thermal Energy Storage (ATES). 

In typical summer situation, when there is a demand for cooling, cold groundwater is pumped from 

one of the wells and the cold is delivered to the stables or all relevant livestock buildings using a 

separation heat exchanger. The cold is extracted from the pumped groundwater, so that this water is 

heated. The heated groundwater is injected into a second well, thereby called the warm well. In winter, 

when there is a need for heat, the stored warm groundwater is pumped from the warm well(s). The 

heat is delivered to the buildings using the same heat exchanger (usually with a heat pump in heating 

mode). The groundwater cools down as a result of this release of heat and is injected back into the 

second well, called the cold well. Groundwater is used, not consumed, and this means that valuable 

groundwater remains available for high-quality applications in the future. It is stored here until there 

is a need for cooling again the following summer. The extracted groundwater is injected again and 

again, so that no groundwater is consumed. In an ATES system, both the stored cold and the stored 

heat can be valorised. There is one major drawback to the ATES technology, namely a suitable aquifer 

is not available everywhere. Furthermore, it is important to emphasize that a high-quality ATES 

installation requires a minimal investment so that it is not suitable for installations smaller than 100 

kW. 

An alternative to ATES for year-round cooling is Cold Storage/Recirculation (CS/R). The difference is 

that with cold storage/recirculation, the groundwater flows in one direction throughout the year. This 

variant therefore consists of one extraction and one infiltration well. In summer, when there is a need 

for cooling, the naturally cold groundwater (approx. 10 ς 15 ϲ/ύ ƛǎ ǿƛǘƘŘǊŀǿƴ ŦǊƻƳ ǘƘŜ ŜȄǘǊŀŎǘƛƻƴ ǿŜƭƭ 

and, after heating as a result of the cooling process, is injected into the infiltration well at an increased 

temperature. If we continue this process year after year, we will thermally pollute the subsurface. After 

some time, the extraction well would start to heat up. To prevent this, the underground is cooled 
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below the natural soil temperature in winter. For this purpose, groundwater is cooled by means of a 

cooling tower, or a dry cooler, or an air handling unit, or with surface water, etc. and injected into the 

infiltration well. Cold Storage/Recirculation is most commonly used for industrial cooling processes but 

can also be used for permanent cooling processes in agricultural applications. 

 

Fig. A8. 3. Schematic of Cold Storage/Recirculation. 

1.3.2. Borehole Thermal Energy Storage (BTES) 

Borehole Thermal Energy Storage (BTES) is a more simple technique with fewer restrictions, it can be 

applied in every geological structure, shown in Fig. A8. 4. 

 

Fig. A8. 4. Schematic of Borehole Thermal Energy Storage. 
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The thermal energy is introduced into the subsurface using a closed hydraulic circuit and a number of 

vertical heat exchangers. This concerns plastic pipes (HDPE) that are inserted as a loop, vertically, in a 

20 to 150 m deep borehole. By installing several exchangers at a short distance from each other, a 

certain storage volume is created. Heat and/or cold can be injected and extracted from the BTES 

system in several ways and in different applications when circulating a fluid (typically a water/glycol 

mixture) through the piping system.  

The BTES technology must never lead to the formation of ice or the freezing of the subsoil, this would 

be a sign of improper design. It is not recommended to circulate the refrigerant of the refrigeration 

compression cycle through the soil, the toxicity of these substances means a major burden on the 

environment (no direct expansion in the soil). In some architectural structures, concrete foundation 

piles are used under the building in areas where the ground is not strong enough to support the 

building. By installing plastic pipes in the longitudinal direction in these concrete foundation piles, an 

άŜƴŜǊƎȅ ǇƛƭŜέ ƛǎ ŎǊŜŀǘŜŘΦ ¢ƘŜ ƳŜŘƛǳƳ ƛƴ ǘƘŜ ǇƭŀǎǘƛŎ ǇƛǇŜǎ ƛǎ ǿŀǘŜǊ ƻǊ ŀ ǿŀǘŜǊκƎƭȅŎƻƭ ƳƛȄǘǳǊŜ ƛƴ a certain 

ratio that ensures energy transfer to the soil. 

1.4. Installation and maintenance 

Despite the fact that both technologies (ATES / BTES) appear to be similar, the installation is profoundly 

different. BTES boreholes are relatively small boreholes with a diameter of 12 to 20 cm, in which a 

vertical loop is installed. The driller tries to make these drillings as quickly as possible in order to realize 

a maximum number of drilling meters per hour. A typical installation speed is 4 to 8 hours per 100-

meter vertical run. 

ATES boreholes are more a specialisation with larger boreholes with a diameter between 30 cm and 1 

meter. The equipment is highly specialized and complex with as main components: filter tube, casing, 

seals, well pump, riser, injection valve, temperature, pressure and level measurements and the 

associated controls. 

Furthermore, the maintenance of BTES is relatively limited and simple. With ATES, on the other hand, 

it is necessary to periodically drain and check the technical components. 

1.5. Selection of appropriate type 

The choice of technology is determined by the geological conditions and the size and application of 

the project. For larger projects, ATES is preferable to BTES, but the geological conditions for ATES are 

often less good than for BTES. BTES can be applied in many (most) geological conditions. 

2. Performance 

The thermal output of a geothermal installation can vary between one kW and hundred MW. With 

vertical loops (BTES), one can literally start with one shallow borehole and expand an installation to 

hundreds or even thousands of boreholes. For smaller installations (< 75 kW) the simplicity and low 

cost of BTES is often preferred, for larger installations ATES is preferred (if the geological conditions 

allow it). 

2.1. Fuel or electricity use 

The geothermal heat is collected by means of a well pump (ATES) or circulation pump (BTES). The 

required electrical power is 10 to 20 times smaller than the achievable thermal power. 
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2.2. Factors affecting performance 

A very important advantage of geothermal energy supply concerns the independence of the supply 

from external factors. Geothermal works day and night, 24 hours a day. The continuity of the 

geothermal supply is therefore guaranteed at all times. 

The application of geothermal systems and concepts must be investigated per climate zone. Fig. A8. 5 

shows the average ground temperature between 10 to 150 m deep in Europe. The available average 

temperature of the subsurface fluctuates greatly from northern to southern Europe, which means that 

certain concepts are better/less suitable. For example, natural cooling is more difficult to apply in 

ǎƻǳǘƘŜǊƴ 9ǳǊƻǇŜŀƴ ŎƻǳƴǘǊƛŜǎ ǿƘŜƴ ƴŀǘǳǊŀƭ ƎǊƻǳƴŘ ǘŜƳǇŜǊŀǘǳǊŜǎ Ҕмрϲ/ όe.g., in Spain, Italy or Greece). 

 

Fig. A8. 5. Average ground temperature between 10 to 150 m deep in Europe. 

2.3. Efficiency 

Collecting the geothermal heat/cold is possible by using submersible pumps (at ATES) or circulation 

pumps (at BTES). The efficiency of the supplied geothermal energy depends on the technology 

(ATES/BTES), the drilling depth (BTES), the height of the groundwater level (ATES) and the achievable 

temperature difference at delivery. One strives for a minimum COP of 10, which can go up to 25 to 30. 

When considering the current default primary energy factor (PEF) in EU as 2.5 (each unit of electricity 

requires an average input of 2.5 units of primary energy), the impact on primary energy use can be 

calculated. When using a geothermal heat pump, an annual average COP of 4.5 is achievable in 

combination with BTES and 5.5 with ATES as the source. This gives primary energy savings of 45% (with 

BTES) to 55% (with ATES). With direct use, the savings can be up to 80 to 85%. 
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Geothermal energy systems can be used for all livestock applications where there is a need for heating 

and/or cooling, regardless of the farm type. Of course, a delivery system must be present, but this can 

take many forms. 

2.4. Lifecycle emissions 

The emission reduction of the geothermal technology during the life cycle is determined by the 

efficiency compared to classical technologies (see also previous section). 

2.5. Operation strategies 

A geothermal installation can function in several ways. 

The most important part of the operating strategy concerns the choice of only extracting heat or 

providing both extraction and injection of heat. Large geothermal installations will be exhausted if only 

heat extraction is used, smaller installations can count on natural regeneration and can therefore cope 

with this. 

The basic operating mode for an ATES installation concerns the use of the natural temperature of the 

subsoil for both heating and cooling, whereby the groundwater is always pumped in one direction 

(CS/R). In this case, the heat and cold stored in the underground will not be used any further. An ATES 

installation can also be operated in which the pump direction is reversed per season, whereby the 

stored cold from winter will be used in summer and vice versa. 

Unlike ATES, with a BTES such mode will not be possible, the vertical loops will activate the 

underground and will warm up or cool it down. 

Geothermal cooling can be used in various ways, with either passive cooling being pursued or only 

active cooling. With passive cooling, the geothermal temperature is used directly for the cooling 

application. With active cooling, only the condenser heat from the chiller will be diverted to the 

underground. 

Finally, a geothermal installation can often also be used to make a match between the availability of 

heat or cold and the demand for this energy. In the summer there is a lot of solar heat available, but it 

cannot be used. The geothermal installation is perfectly capable of realizing a long-term, seasonal 

storage of this heat. 

3. Cost 

3.1. Installation, operation and maintenance costs 

The construction of geothermal systems requires drilling boreholes where a wide variability of 

geological conditions is encountered. This means that an overview of the cost is subject to large 

deviations. There can be a price difference per kW of thermal energy that increases with a factor of 

10. This is of course a very important difference of this renewable energy source compared to other 

sustainable sources where target prices are more common. An important distinction must then be 

made between the two technologies, being ATES and BTES. 

BTES installations require rather easy to drill boreholes, in a borehole (15 to 20 cm diameter) a single 

or double U-loop is placed (or possibly a coaxial tube). These loops are connected to each other via a 

horizontal piping network and connected to a common collector, from which the energy is transferred 
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to the consumer or the heat pump. An indication of the total construction cost can be given, this 

includes the entire geothermal drilling field (drilling, vertical loops, drilling completion, connection of 

the loops up to and including the collector). In practice, this is expressed in a cost price per running 

ƳŜǘŜǊ ƻŦ ōƻǊŜƘƻƭŜ όǊŜƎŀǊŘƭŜǎǎ ƻŦ ǘƘŜ ƭƻƻǇ ǘȅǇŜύΦ ¢Ƙƛǎ Ŏŀƴ ŦƭǳŎǘǳŀǘŜ ōŜǘǿŜŜƴ нр ϵκƳ ƛƴ ŜȄŎŜƭƭŜƴǘ ŘǊƛƭƭƛƴƎ 

ŎƻƴŘƛǘƛƻƴǎ ǘƻ тр ϵκƳ ƛƴ ŘƛŦŦƛŎǳƭǘ ƎŜƻƭƻƎƛŎŀƭ ŎƻƴŘƛǘƛƻƴǎ ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ƻŦ ор ǘƻ пл ϵκƳΦ ¢ƘŜ 

maintenance cost for a BTES installation is very limited as it has a simple construction without moving 

parts. The maintenance cost is on average <= 1% of the investment cost per year. This involves a few 

checks on the proper flow of all loops and checking of the glycol content in the loops. 

The construction of ATES systems is much more complex and varied. The drilling activities are a more 

limited part of the entire system. The required number of boreholes strongly depends on the 

achievable pump capacity for each pair of wells (called doublet), this can be a minimum of 5 m3/h 

(strict minimum to make sense) but can go up to 150 m3/h or even more. Furthermore, the well 

equipment is important with at least a submersible pump and injection valve and the necessary 

accessories to control the groundwater level, the pressure and temperature in the circuit. There is also 

connecting piping and an extensive technical, indoor installation with separation heat exchanger and 

fittings. Finally, an electrical and control installation is also part of an ATES system. The construction 

cost for a fully operational ATES installation is therefore highly dependent on the achievable capacity 

per doublet. The investment fluctuates according to the Table. A8. 1. Furthermore, the maintenance 

cost is significantly higher than with closed systems with vertical loops. In many European countries 

there are more obligations with open-source systems, such as annual water analysis and reporting of 

transported groundwater volumes. This means that an annual maintenance cost of approx. 2.5% of 

the investment must be foreseen. 

Table A8. 1 Investment of ATES depends on well capacity. 

Well capacity (V) [m3/h]  Power Range (P) per doublet [kW] LƴǾŜǎǘƳŜƴǘ όLύ ώϵκƪ²ϐ 

V <= 10 P <= 60 kW L ҔҐ мрлл ϵκƪ² 

10 < V < 25 60 < P < 150 kW мллл ғ L ғ мрлл ϵκƪ² 

25 < V < 50 150 < P < 300 kW срл ғ L ғ мллл ϵκƪ² 

50 < V < 75 300 < P < 450 kW рлл ғ L ғ срл ϵκƪ² 

75 < V < 100 450 < P < 600 kW 400 < I < 500 ϵκƪ² 

V >= 100 P >= 600 kW L ғҐ плл ϵκƪ² 

 

3.2. Payback Period 

The payback time of a geothermal installation for livestock applications is shortest with low 

investments (i.e., simple applications) that supply a lot of energy. As a result, there is always an 

economy of scale for larger applications compared to smaller applications. For example, a direct use 

application with many running hours will come out best. The best cost-benefits are achieved with large 

ATES systems in good geological conditions, payback times between 5 ς 15 years are possible. For BTES 

installations, payback times will typically be slightly longer, between 8 ς 20 years. The local energy 

rates have a major influence on the end result, which means that the relationship between gas and 

electricity prices differs greatly between European countries. 
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4. Applications 

4.1. Existing farming applications & typical combinations with other technologies 

Regardless of the applied geothermal technology (ATES or BTES), different energy concepts can be 

developed. Below is an overview of some promising concepts, including some that already have 

applications in livestock. 

4.1.1. Heating and cooling concept with heat pump 

A first concept is based on the most widely used way of utilizing geothermal energy, mainly known in 

the buildings sector (offices, apartments, hospitals, residential care etc.). 

Within this concept, an installation is realized with a ground-coupled heat pump with the use of 

άƴŀǘǳǊŀƭ ŎƻƻƭƛƴƎέ ƛƴ ǘƘŜ ǎǳƳƳŜǊΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ ŀ ¦¢9{ ǎȅǎǘŜƳ ό!¢9{ ƻǊ .¢9{ύ ƛǎ ƭƛƴƪŜŘ ǘƻ ŀ ƘŜŀǘ ǇǳƳǇΣ 

providing heat (at 35 ς 45 ϲ/ύ ǘƻ ǘƘŜ ōǳƛƭŘƛƴƎǎ ŘǳǊƛƴƎ ƘŜŀǘƛƴƎ ǎŜŀǎƻƴ ǿƘŜƴ ŜȄǘǊŀŎǘƛƴƎ ƘŜŀǘ ŦǊƻƳ ǘƘŜ 

soil. This process leads to a global cooling of the subsurface at the end of the heating season. Provided 

proper dimensioning, this system can make free use of the stored geothermal cold (without a cooling 

machine) during the summer. In livestock applications, thermal energy can be brought to the 

barn/stable using floor heating/cooling or ventilation/air treatment units. The bidirectional use of the 

geothermal system is important for installations > 25 kW. This ensures sustainable cooling and avoids 

depletion of the soil through regeneration. 

In a variant application of this concept, passive cooling is replaced by active cooling. The heat pump 

operation can often be reversed, whereby the condenser heat is discharged to the geothermal 

installation. Due to the efficient removal of heat at a relatively low temperature, the seasonal cooling 

factor is increased. This concept also offers possibilities to offer simultaneous heating and cooling. For 

example, stable heating can take place together with cooling of milk tanks. The heat pump can provide 

both energy flows at the same time. The geothermal installation then functions as a heat sink or heat 

source to store surpluses or extract shortages. 

Although heating of livestock stables is a necessity, stable cooling is not always appreciated. However, 

it has been proven that better summer comfort has a significant positive impact on the health of the 

animals and the quality of the animal products. 

4.1.2. Heating and cooling concept with direct use 

The simplest concept is the direct utilization of geothermal energy (ATES or BTES). By combining an air 

heat exchanger with a geothermal source, it is possible to condition the incoming barn air. With this 

system, the heat from the summer period is used for the winter and the cold from the winter period 

is used for the summer. As a result, there are virtually no temperature fluctuations between day and 

night or winter and summer. The result is a more constant stable climate, which results in better 

technical figures and more constant operational management. As a result, a healthier stable climate is 

created, and this is possible with a lower ventilation flow rate (no extreme air volumes are necessary 

in the summer to ventilate the stable). 

This system can be used with both ATES and BTES. Nevertheless, ATES offers the best possibilities since 

the natural groundwater temperature (ie 12 ϲ/ ƛƴ /ŜƴǘǊŀƭ 9ǳǊƻǇŜύ Ŏŀƴ ōŜ ǳǎŜŘ ŀǘ ŀƭƭ ǘƛƳŜǎΦ ¢Ƙƛǎ 
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temperature remains constant and is suitable for both heating (warming up cold winter air) and cooling 

(cooling down hot summer air). 

 

Fig. A8. 6. Photo of geothermal direct use at livestock stable. 

4.1.3. Central Solar Heating Plant with Seasonal Storage (CSHPSS) 

Another possible concept also has a limited number of applications in the building sector, the so-called 

Central Solar Heating Plant with Seasonal Storage (CSHPSS). The geothermal installation mainly 

functions as a seasonal storage medium for the storage of solar heat. In the summer as much heat as 

possible can be captured via solar panels (classic panels or PVT). All surplus solar heat can be stored in 

the underground, with the aim of reuse in winter for direct heating or in combination with a heat 

pump. The geothermal installation functions as long-term storage, short-term storage vessels can 

optionally be used to store useful heat for a few hours or a maximum of several days. 

 

Fig. A8. 7. Schematic of Central Solar Heating Plant with Seasonal Storage.  
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Appendix 9 : Heat pump  

1. Technical description 

1.1. Working principle 

Heat pump (HP) refers to a device used for extracting heat from a low temperature surroundings and 

sending it to high temperature space or system, while operating in a cycle. In other words, heat pump 

maintains a space or system at temperature higher than temperature of surroundings, while operating 

in cycle. Heat pump transfers heat from low temperature to high temperature, which is non-

spontaneous process, so external work is required for realizing this process according to the Second 

Law of Thermodynamics. Therefore, the working principle of a heat pump is based on the reversed 

Carnot cycle, also called refrigeration cycle. 

As shown in Fig. A9. 1, the cycle of the heat pump consists of the following four processes for the 

selected refrigerant:  

1-2: Isothermal heat transfer from cold medium to refrigerant (Evaporator) 

2-3: Isentropic (Reversible adiabatic) compression 

3-4: Isothermal heat rejection (condenser) 

4-1: Isentropic Expansion 

 

Fig. A9. 1. Heat pump cycle (left) and typical pressure-enthalpy diagram (right). 

A heat pump is not a work producing machine, while its objective is to maintain a body at higher 

temperature, so its performance cannot be defined using efficiency as in case of heat engine. The 

performance of heat pump is quantified through a parameter called coefficient of performance (COP). 

Coefficient of performance is defined by the ratio of desired effect (heating or cooling thermal load) 

and network done for getting the desired effect. The higher the COP is, the more efficient a heat pump 

is and the less energy it consumes. Heat pumps do not generate any CO2; however, they do use 

electricity to run. At the moment, electricity production generates lots of greenhouse gas emissions 

due to the burning of fossil fuels. Nowadays however, the heat pump is considered as a RES technology 

due to its low energy consumption. 
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1.2. Classification of the technology 

Heat pumps can be broadly classified, depending on their heat source (air, water and geothermal), 

there are also sub-types of heat pump systems: Hybrid Heat Pump, Solar Heat Pump and Absorption 

or Gas-Fired Heat Pump (more typical to industrial applications). In terms of installation there a Split 

{ȅǎǘŜƳǎΣ tŀŎƪŀƎŜ {ȅǎǘŜƳǎΣ aƛƴƛ {Ǉƭƛǘ ƻǊ ά5ǳŎǘƭŜǎǎέ ŀƴŘ ²ƛƴŘƻǿ IŜŀǘ tǳƳǇǎΦ 

1.3. Mechanical construction 

As was described above, the cycle consists of four processes, therefore there are four main 

components of the cycle, namely the compressor, the expansion valve, the evaporator and the 

ŎƻƴŘŜƴǎŜǊΦ ¢ƘŜ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ǎŜƭŜŎǘŜŘ ōŀǎŜŘ ƻƴ ǘƘŜ ǿƻǊƪƛƴƎ ǊŜŦǊƛƎŜǊŀƴǘΣ ǘƘŜ ǎȅǎǘŜƳΩǎ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ 

and the range of the temperature levels, in order to cover all possible operating conditions. Moreover, 

extra components are suitably coupled with the main equipment in order to make the total assembly 

totally functional (such as receiver, filter, solenoid valves, three-way valves, control panel). In general, 

the design of a heat pump is affected by the heat source (e.g., air, ground, solar), while the 

ŎƻƳǇƻƴŜƴǘǎΩ ŘƛƳŜƴǎƛƻƴǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ƘŜŀǘ ǇǳƳǇΩǎ ƻǾŜǊŀƭƭ ǎƛȊŜΣ ŘŜǇŜƴŘ ƻƴ ǘƘŜ ŘŜǎƛǊŜŘ ŎƻƴŘƛǘƛƻƴǎ 

that have to be met. Depending on the application, various types of compressors and heat exchangers 

are used for heat pump systems. 

Moreover, the refrigerant of the heat pump has an important role on the heat pump performance, 

since its thermodynamic properties affect strongly the components selection and design. Various 

ǊŜŦǊƛƎŜǊŀƴǘǎ ƘŀǾŜ ōŜŜƴ ŜƳǇƭƻȅŜŘ ŦƻǊ ƘŜŀǘ ǇǳƳǇǎ ǎȅǎǘŜƳǎΣ ǿƘƛƭŜ ǘƘŜ Ƴƻǎǘ ǘȅǇƛŎŀƭ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ȅŜŀǊǎΩ 

installations were R134a, R245fa, R404a, R22 etc. Today, special attention has been given on the 

environmental aspect and the so-called HFO (4th generation) refrigerants are getting more and more 

space in the market, according to the F-Gas Regulation. The most studied and used HFO refrigerants 

are R1234ze(E), R1224yd(Z) and R1233zd(E), presenting a low ozone depletion potential (ODP) and 

ultra-low global warming potential (GWP), while keeping high COP. 

 

Fig. A9. 2. Capacity and applications of different compressor types. 

The most critical component of a heat pump is the compressor, since the whole operation depends on 

the high and low pressure of the cycle. The most common types of compressors used in heat pumps 

systems are the single-acting reciprocating, scroll and screw, based on the desired power of the 
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system. The capacity of the compressor leads to the appropriate selection of compression system. 

Most of the applications in residential and industrial heat pump systems are designed with scroll and 

screw compressors for smaller and larger capacities, respectively. Fig. A9. 2 presents the capacity and 

the application for various types of compressors and their range of operation. 

Apart from the compressor, the heat exchangers are also critical for the system operation, while their 

size is strongly affected by the thermal load that has to be transferred. The two heat exchangers used 

in HP systems are the condenser and the evaporator. The condenser is used to condense the 

refrigerant, transferring heat from the hot side (refrigerant) to the cold side (secondary fluid-usually 

water, air, or another mixture). On the other hand, the evaporator is used to heat the refrigerant, until 

it is (super) saturated vapor before it enters the compressor. Therefore, for the case of condenser, 

heat is transferred from the refrigerant to the surroundings, while for the evaporator occurs the 

opposite. This is the reason, that for the cooling of a room, the evaporator is placed in the space (heat 

is transferred from the room-air to the refrigerant), while the condenser is placed outside (heat is 

transferred from the refrigerant to the ambient). There are various types of heat exchangers, but the 

most common in heat pump systems are the plate heat exchangers (PHX) and the plate-fin heat 

exchangers (Fig. A9. 3), due to their low cost, compactness, and duration to the operating pressure 

ranges.  

 

Fig. A9. 3. Plate heat exchanger (left) and plate-fin heat exchanger (right). 

As mentioned above, the condensers are used to cool the refrigerant. The cooling capacity and the 

space restrictions determine the type of heat exchanger and the cooling circuit that is employed. The 

simplest cases require an air-cooled condenser, so a plate-fin heat exchanger is employed. In the case 

that the system requires hot water or high heat transfer rate, then a plate heat exchanger is employed. 

Table A9. 1. Types of heat pump's heat exchangers that be employed. 

Heat exchangers 
Plate heat exchangers 

Plate-fin heat exchangers 

Condensers 
Air-cooled (dry or wet cooling) 

Water-cooled 

Evaporators Depends on the heat source 

 

The evaporator is used to heat the refrigerant, therefore other medium could be used depending on 

the heat source and the plate heat exchanger is the most common solution. In simpler cases, such as 
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residential air-conditioning units, plate-fin heat exchangers are used, for low cost and simplicity of the 

unit. Table A9. 1 presents the different types of heat exchangers for HP discussed above. 

The last main component of a heat pump is the expansion valve. The expansion valve is the pressure 

reducing device. When the high pressure, and medium temperature refrigerant enters the expansion 

valve its pressure reduces suddenly and along with it its temperature also becomes very low suddenly. 

The expansion valve most used in the heat pumps is copper capillary tube. The refrigerant leaves the 

expansion valve at extremely low pressure and low temperature in partially liquid state and partially 

gaseous state. The thermostatic expansion valve (TEV) has as main purpose the controlling of the 

ǊŜŦǊƛƎŜǊŀƴǘΩǎ ǉǳŀƴǘƛǘȅ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ƘŜŀǘ ǇǳƳǇ ǎȅǎǘŜƳΩǎ ŜǾŀǇƻǊŀǘƻǊ ōŜŦƻǊŜ ǊŜŀŎƘƛƴƎ ǘƘŜ 

compressor. The TEV improves the system efficiency, avoids overheating problems, and often reduces 

the amount of energy a system uses. In more recent years, the electronic expansion valve (EEV) is also 

employed to control the flow. Fig. A9. 4 presents the configuration of an expansion valve in a HP unit 

[135]. 

 

Fig. A9. 4. Expansion valve configuration in a heat pump. 

1.4. Installation and maintenance 

The use of heat pumps in livestock buildings is not by any chance as widespread as in residential or 

other commercial facilities. For that reason, there are no specific data available regarding installation 

and maintenance guidelines. In both new and retrofitted livestock facilities, engineers, technicians, 

and farm personnel will have to cooperate in order to reach the best approach for each case. A good 

quality and well installed air or ground source heat pump system will require relatively little 

maintenance and annual check by a qualified installer or engineer. The installer/supplier can provide 

ŘŜǘŀƛƭǎ ƻŦ ŜŀŎƘ ǎȅǎǘŜƳΩǎ ŜȄŀŎǘ ƳŀƛƴǘŜƴŀƴŎŜ ǊŜǉǳƛǊŜƳŜƴǘǎΣ ŀƴŘ ŀƭǎƻ Ƙƻǿ ǘƻ ƻǇǘƛƳƛȊŜ ƛǘǎ ǇŜǊformance. 

1.5. Selection of appropriate type 

Size is a critical factor when considering the selection of a unit or system. By choosing the right size, 

someone avoids issues such as inflated energy costs, extreme temperature fluctuations, imbalance in 

indoor humidity, and short cycling of the system. A too small heat pump will be unable to cover the 

heating/cooling needs, while a too big one will work inefficiently. 

LƴŘƛŎŀǘƛǾŜ ŦŀŎǘƻǊǎ ǘƻ ŎƻƴǎƛŘŜǊ ǿƘŜƴ ŎƘƻƻǎƛƴƎ ǘƘŜ ƘŜŀǘ ǇǳƳǇΩǎ ǎƛȊŜ ŀǊŜ ǘƘŜΥ 

ω Desired conditions to be achieved 
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ω Local climate, including the average seasonal high and low temperatures 

ω {ǇŀŎŜ ǘƘŜǊƳƻǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ŜΦƎΦΣ ƭŜǾŜƭ ƻŦ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ƛƴǎǳƭŀǘƛƻƴ 

¢ƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ŀǇǇǊƻǇǊƛŀǘŜ ǘȅǇŜ ƛǎ ƘŜŀǾƛƭȅ ŘŜǇŜƴŘŜŘ ƻƴ ŜŀŎƘ ŀǇǇƭƛŎŀǘƛƻƴΩǎ ƴŜŜŘǎ ŀǎ ǿŜƭl as on 

limitations in terms of installation and operation. 

2. Performance 

2.1. Electricity use 

.ȅ ƪƴƻǿƛƴƎ ǘƘŜ ƘŜŀǘ ǇǳƳǇΩǎ /ht ŀƴŘ ǘƘŜǊƳŀƭ ƻǳǘǇǳǘΣ ƛǘ ƛǎ Ŝŀǎȅ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ǇƻǿŜǊ ƛƴǇǳǘΦ 

For example, a heat pump operating at a COP in the range of 4 - 5, needs 1 kWel as input, in order to 

produce 4 - 5 kWth. In comparison modern condensing boilers may attain approximately 1.07 kWth out 

of 1 kWh energy content of the fuel in use. 

2.2. Factors affecting performance 

2.2.1. Impact of local climate  

As was mentioned above, the ambient conditions have an important impact on the heat pump 

performance and efficiency. The heat that is transferred from the refrigerant to the ambient through 

a heat exchanger, is strongly affected by the ambient temperature and can drastically deteriorate heat 

ǇǳƳǇΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ ¢ƘŜ ƘŜŀǘ ǇǳƳǇǎ Ŏŀƴ ƻǇŜǊŀǘŜ ƛƴ ŀ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘ ǿŀȅ ƛƴ ǘƘŜ ƴƻǊǘƘŜǊƴ ŎƻǳƴǘǊƛŜǎΣ 

where the ambient temperature is less, while more complicated systems such as cascade heat pumps 

are used in warm climates. Fig. A9. 5 presents the COP variation with the ambient temperature for 

various refrigerants [136]. 

 

Fig. A9. 5. COP variation with the ambient temperature for various refrigerants. 

2.2.2. Impact of farm type 

The type and size of the animal farm can significantly affect the size of the heat pump, as well as its 

different functions, such as dehumidification and reheating. Of utmost importance is the kind of hosted 

animals, as each kind, breed and age have different needs. The energy profile of each farm should be 

thoroughly studied, considering - at least - the needed temperature (air and water) and humidity. 
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2.3. Efficiency 

²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ƘŜŀǘ ǇǳƳǇǎ ǘƘŜ ǘŜǊƳ άǇŜǊŦƻǊƳŀƴŎŜέ ƛǎ ǇǊŜŦŜǊǊŜŘ ǘƻ άŜŦŦƛŎƛŜƴŎȅέΣ 

with Coefficient of performance (COP) being used to describe the ratio of useful heat movement per 

work input. An electrical resistance heater has a COP of 1.0, which is considerably lower than a well-

designed heat pump which will typically be between COP of 3 to 5 with an external temperature of 

млϲ/ ŀƴŘ ŀƴ ƛƴǘŜǊƴŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ нлϲ/Φ ! ƎǊƻǳƴŘ-source heat pump will typically have a higher 

performance than an air-source heat pump. A heat pump cooler operating at a COP of 2.0, removes 2 

units of heat for each unit of energy consumed (e.g., an air conditioner consuming 1 kWh would 

remove 2 kWh of heat from a building's air). 

The European standard EN 1451, sets out standardised performance and rating terms for air-

conditioning units, heat pumps and liquid chilling packages that supply space heating or cooling. Heat 

pumps should achieve a certain COP rating, as tested under EN14511: 4.5 (Water/water), 4.0 

(Brine/water), 4.0 (Direct evaporation) and 3.0 (Air/water). 

Other parameters used to describe the performance of a heat pump are: 

¶ the 'Seasonal Coefficient of Performance' (SCOP), which is a measure of the aggregate energy 

efficiency measure over a period of one year, which it is very dependent on region climate 

¶ ǘƘŜ ά9ƴŜǊƎȅ 9ŦŦƛŎƛŜƴŎȅ wŀǘƛƻέ ό99wύΣ ǿƘƛŎƘ ŀ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ŎƻƻƭƛƴƎ ŜŦŦƛciency of a heat pump 

at peak load capacity, and Integrated Energy Efficiency Ratio (IEER), that accounts for both full 

load and part load efficiencies. 

¶ Seasonal Energy Efficiency Ratio (SEER) that measures the seasonal cooling efficiency of a heat 

pump or a consumer central air conditioning system, and 

¶ the Heating Season Performance Factor (HSPF), which is a measure of the overall heating 

efficiency of a heat pump during the season. 

A wide deployment of heat pumps will contribute to a reduction of final energy demand and is 

estimated to have only a small impact on the maximum load on the electricity grid. Fig. A9. 6 presents 

the advantages of the heat pumps against other heating solutions regarding the efficiency. 

 

Fig. A9. 6. Comparison of final energy demand of different heating systems. 
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2.4. Lifecycle emissions 

The different processes involved during the heat pump lifetime are presented in Fig. A9. 7 [137]. 

Emissions are distinguished in direct emissions (chemical) and indirect emissions (energy use) of 

greenhouse gases from production, transport, operation, and recycling. 

 

Fig. A9. 7. Involved processes during the heat pump lifetime 

 

Fig. A9. 8. Comparison of the lifetime emissions of different heating solutions. 

Fig. A9. 8 shows a comparison of the lifetime emissions of different heating solutions. The figure shows 

that a fast reduction of emissions from electricity has a bigger impact on the life cycle-based emissions 

of heat pumps, than the deployment of refrigerants with a low GWP. It shows also that even heat 

pumps with the lowest currently allowed efficiency to have lower emissions than even the best fossil 

combustion system. From an environmental perspective, already the use of existing refrigerants - if 

handled properly - contributes to a reduction of greenhouse gas emissions which is accelerated by 



 

96 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

every reduction step of emissions from electricity. From an industry perspective the development of 

low and no GWP alternatives to be deployed in efficient heat pump systems must be the goal to deploy 

a near zero emission heating technology- both from the component and the operations side [138]. 

Fig. A9. 9 presents the comparison of both the heat pump and the boiler systems using the Eco-

indicator99 and EPS2000 methodologies [137]. The total impact caused by the heat pump is lower than 

the one caused by the gas boiler. According to the infrastructure, the heat pump manufacturing impact 

is bigger than the manufacturing impact of the boiler. This is caused by the bigger amounts of materials 

and energy required during the heat pump production, thus increasing the required resources, and 

produced emissions. 

 

Fig. A9. 9. Comparison of heat pump and boiler systems using the Eco-indicator99 and EPS2000 methodologies. 

2.5. Scope of circularity 

Heat pumps are material intensive products. Thus, a resource efficient, material conscious design and 

manufacturing is an essential part of cost-efficient production. Heat pump systems are designed, 

installed, and dismantled by skilled and certified experts, and due to their high material content and 

ǘƘŜƛǊ ǎǇŜŎƛŦƛŎ ŘƛǎƳŀƴǘƭƛƴƎ ǇǊƻŎŜŘǳǊŜ όōŜŎŀǳǎŜ ƻŦ ǘƘŜ CπƎŀǎ ǊŜƎǳƭŀǘƛƻƴ ŎƻƴǘŜƴǘύΣ ǘƘŜȅ ŀǊŜ ǇŀǊǘ ƻŦ ŜȄƛǎǘƛƴƎ 

recycling schemes in Europe [139]. 

2.6. Stability/Continuity 

Today, applications that require reliability, continuity of operation, high performance, reduced 

management costs and carbon dioxide emissions, can be covered by modern HP units, which are 

designed to present high performance over a wide range of such applications. 

2.7. Operation strategies 

The traditional control implemented in commercially available heat pump units is based on the so-

called heating curve that provides a static estimation of the required supply temperature to the heating 

distribution system depending on the ambient temperature. The heating curve control approach can 

be classified as a non-predictive Rule-Based Control (RBC), that determines all control inputs based on 

ŀ ǎŜǊƛŜǎ ƻŦ ǊǳƭŜǎ ǎǳŎƘ ŀǎ άƛŦ-condition-then-ŀŎǘƛƻƴέΣ ǘȅǇƛŎŀƭƭȅ ƛƴǾƻƭǾƛƴƎ ƴǳƳŜǊƛŎŀƭ ŎƻƴǘǊƻƭ ǇŀǊŀƳŜǘŜǊǎ 

and threshold values. A strong point in favour of non-predictive rule-based controls is that the design 

of rules can be relatively simple, and the controls still show good performances [140], and their 

implementation does not require a mathematical model. For these reasons, according to some Authors 
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this approach is expected to remain the dominant control strategy in the building sector for the next 

two-three decades [141]. 

The computational power of electronic device has been increasing in the last decades together with 

storage and connection capability [141] and there has been a growing interest in the possibility to 

introduce advanced features in the heat pump system controllers. With the decreased costs of data 

processing, storage and communication over recent years, the design and implementation of more 

complex control techniques have become accessible [142], and several studies have been dedicated 

to the development of advanced system control. 

Model based methods, commonly named Model Predictive Controls (MPC), represent a constrained 

control approach that has been proposed in many areas over the last decades. In principle, MPC 

approach is based on the formulation of the buildings control as an optimization problem. The aim of 

the optimization is to minimize the energy consumption while ensuring that all comfort requirements 

are met. When applied to buildings, Model Predictive Controls employ a model of the building 

dynamics to predict the future evaluation of the system and solve an optimization problem subjected 

to a number of constraints, in order to determine the optimal control signals, depending on these 

predictions. 

2.8. Practical Lifetime 

Heat pumps can last 10 to 20 years, depending on usage frequency, though 15 is average. Functionally, 

heat pumps are similar to air conditioners, but because they can provide both heating and cooling, 

they are typically used longer each year. Heat pumps in coastal areas will also fail prematurely, with 

typical life spans of seven to 12 years. 

There are many things that can reduce the life span of HVAC equipment, including: 

ω Poor maintenance practices 

ω Poor initial quality or defective components 

ω Oversizing or undersizing the system 

ω Improper installation procedures 

ω Inordinately high usage or high loads 

ω Improper usage, such as heating or cooling with windows and doors open 

ω Installation in salty or corrosive environments, such as coastal areas 

Of these, poor maintenance and oversizing are the most detrimental. A lack of maintenance can lead 

to accelerated component wear and a dramatically shorter life span, while oversizing can cause 

frequent on-and-off cycling, leading to compressor or blower motor failure. 

3. Cost 

3.1. Installation, Operation & maintenance costs 

In order to increase the share of heat pumps in residential and non-residential applications, policies 

need to address barriers to adoption, including high upfront purchase prices, operational costs, and 
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the legacy of the existing building stock. In many markets, the installed costs for heat pumps relative 

to potential savings on energy spending (e.g., when switching from a gas boiler to an electric heat 

pump) often mean that heat pumps may be only marginally less expensive over 10 to 12 years, even 

with their higher energy performance. 

Since 2015, subsidies have proven effective to offset the upfront cost of heat pumps and initiate 

market dynamics that accelerate their uptake in newly built buildings. Removing this financial support 

could considerably impede higher heat pump adoption, especially of ground-source heat pumps [143]. 

The cost factors depend a lot on the respective market framework and differ widely from country to 

country. This holds true in particular for the cost of equipment and the cost of fuel (often mainly 

influence by taxation levels). When referring to financial incentives and administration cost, these can 

differ from region to. The following figure presents the cost parameters such as the investment cost 

(A1: design cost, A2: administration cost, A3: cost of the product, A4: installation cost, A5: financial 

advantages based on the investment cost), the operating cost and the cost of refurbishment, exchange 

or dismantling for a heat pump (Fig. A9. 10) [138]. 

 

Fig. A9. 10. Factors affecting the total cost of ownership of a heating system (source: EHPA). 

3.2. ROI & Cost savings 

The Return on Investment (ROI) for a heat pump depends on a multitude of factors, including: Fuel to 

be replaced, Heat pump size, Source of heat, Available subsidy programs. 

A typical ROI for an Air Source Heat Pump (ASHP) would be around 10 percent with a payback period 

of around 12 years. Ground Source Heat Pumps (GSHPs) are an attractive option for business and 

homes with well insulated premises or which is planning renovations, typically presenting at a 12% ROI 

year on year for the lifespan of the heat pump [144]. Below is an estimated guide to the ROI that could 

be achieved, based on a business heat consumption of 200,000kWh per year [145]. Fig. A9. 11 presents 

a rough guide for the estimation of ROI. 
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Fig. A9. 11. Estimated guide to the ROI. 

Table A9. 2. Financial savings for a heat pump compared to other technologies. 

 

When calculating financial viability, the offset cost of an alternative heating system - such as a gas 

boiler (Table A9. 2) - should also be taken into account. Heat pumps look much more viable where 

there is a cooling demand, and their capital cost can be spread over the heating and cooling savings, 

resulting a faster payback [146]. Of course, in the framework of livestock industry interventions, other 
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factors- such as reduced medication, feed consumption, mortality, and quality enhancement - could 

also be considered [147,148]. 

3.3. Funding possibilities 

Heat pump is a commercially mature RES technology, eligible for all European Incentive and subsidy 

programs7 , initiated in the framework of Directive 2009/28/EC8 . This technology is supported mainly 

through investments grants and tax exemption schemes [149], and Fig. A9. 12 illustrates the main 

schemes in place in the EU countries to support its deployment. Because of the - still - high purchase 

and installation cost of heat pumps, these schemes are crucial for their wider adoption. 

So far, most of energy saving schemes concern residential facilities [150], and it seems that there is no 

ǎǳōǎƛŘȅ ǎŎƘŜƳŜ ŘŜŘƛŎŀǘŜŘ ǘƻ ŀƎǊƛŎǳƭǘǳǊŜΦ wŜŎŜƴǘ ŀŎǘƛƻƴǎ ǘƻǳƎƘΣ ǎǳŎƘ ŀǎ ¦Y DƻǾŜǊƴƳŜƴǘΩǎ ƛƴƴƻǾŀǘƛǾŜ 

Non-Domestic Renewable Heat Incentive [151], could benefit SMEs of agricultural sector towards the 

transition to green energy. 

 

Fig. A9. 12. Funding possibilities in Europe. 

The examples from other European countries show us this strategy works. For instance, France and 

Germany have set up extensive and widely popular oil boiler replacement schemes. In addition, Italy 

ƭŀǳƴŎƘŜŘ ƛǘǎ Ψ{ǳǇŜǊōƻƴǳǎΩ ǘƻ ǇǊƻƳƻǘŜ ƘŜŀǘ ǇǳƳǇǎ ǘƘŀƴƪǎ ǘƻ ŀ ммл҈ ǇŀȅōŀŎƪ ŎǊŜŘƛǘΦ 

3.4. List of brands and suppliers 

There is a plenty of suppliers for each main component of the unit, providing the suitable equipment 

for each application. A completed design of a heat pump is presented in Fig. A9. 13, as a 3D design that 

 
7  General info about EU subsidy programs can be found in http://www.res-legal.eu/home/ and 

https://ec.europa.eu/energy/topics/renewable-energy/national-renewable-energy-action-plans-2020_en  
8 Directive (EU) 2018/2001 repeals Directive 2009/28/EC on 1 July 2021 

http://www.res-legal.eu/home/
https://ec.europa.eu/energy/topics/renewable-energy/national-renewable-energy-action-plans-2020_en
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was manufactured by PSYCTOTHERM. The Figure presents all the main components of the unit, 

established in an integrated heat pump system. PSYCTOTHERM is manufacturer of the air-cooled heat 

exchangers and also specialises in the establishment and commissioning of the whole system. On the 

other hand, there are many suppliers of the completed heat pump system. However, these systems 

are standardized for specific power required usually for residential applications (for example 9000 

BTU/hr, 12000 BTU/hr, etc.), and it is difficult to apply for specialized applications. 

 

Fig. A9. 13. Industrial heat pump with the components. 

The following Table A9. о ƛƴŎƭǳŘŜǎ ǘƘŜ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ǎǳǇǇƭƛŜǊǎ ƻŦ ǘƘŜ Ƴŀƛƴ ƘŜŀǘ ǇǳƳǇΩǎ ŎƻƳǇƻƴŜƴǘǎ 

(heat exchangers, compressors, expansion valves), but also integrated heat pump systems.  

Table A9. 3. Heat pump's components and integrated heat pump systems suppliers. 

Components Suppliers 

Heat exchangers SWEP, Alfa Laval, Kaori 
Compressors Bitzer, Frigopol, Hanbell, Copeland, Panasonic, Daikin 

Expansion valves Danfoss, Parker Sporlan, Alco Controls 
Integrated heat pump system Daikin, Mitsubishi, AHI Carrier, Gree, Trane, Toshiba 

 

4. Applications 

4.1. Existing farming & non-farming applications 

Heat pumps continue to meet only a small share of residential heat demand (around 5% in 2019), while 

fossil fuel-based and conventional electric technologies made up three-quarters of sales globally in 

2019. The EU market is expanding quickly, with around 1.3 million households purchasing a heat pump 

in 2018 (12% annual average growth since 2015). France, Italy and Spain are responsible for half of all 

sales in the European Union, while Sweden, Estonia, Finland and Norway have the highest penetration 

rates, with more than 25 heat pumps sold per 1,000 households each year [143]. However, progress is 

still needed across the globe to boost uptake in existing buildings. 

¢ƘŜ ƘŜŀǘ ǇǳƳǇΩǎ ǇŜƴŜǘǊŀǘƛƻƴ ƛƴ ƴƻƴ-residential applications - and consequently in agriculture - is 

relatively small, as depicted in Fig. A9. 14 [152]: 
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Fig. A9. 14. Non-residential applications of heat pumps. 

The use of heat pumps in agri-food sector and drying industry has a long history [153] and has been 

studied in the last decades, mainly for drying of agricultural materials [154], [155]. Heat pumps have 

long been widely recognised as energy-efficient heating and cooling systems and have been proposed 

ŦƻǊ ƎǊŜŜƴƘƻǳǎŜ ƘŜŀǘƛƴƎ ǎƛƴŎŜ ǘƘŜ ŜŀǊƭȅ мфтлΩǎΦ IƻǿŜǾŜǊΣ ŘǳŜ ǘƻ ǘƘŜƛǊ ƭƻǿ /ht ŀƴŘ ƘƛƎƘ Ŏƻǎǘ ƻŦ 

installation, they were not reconsidered as an alternative heating system until the rise of energy costs 

and their technical advancement [156]. The last decade, there is increased interest for installation of 

heat pumps in both experimental [157] and conventional greenhouses [156], [158]. 

In livestock sector, dairy-related energy saving applications include milk cooling and water heating on 

farms for cleaning of tools and equipment [159], [159], but also off-farm pasteurization [160]. Exclusive 

on-farm applications, especially in confined poultry and pig building, are also present in bibliography. 

Heat recovery applications has been theoretically investigated during the last decades [161], [162] in 

pig farm facilities, and also the use of Ground Source Heat Pump (GSHP) has been tested [163]. In the 

case broiler houses, work has been done on modelling different systems, such as HVAC systems for 

precise environment control [164] in Greece, and grƻǳƴŘπŎƻǳǇƭŜŘ ƘŜŀǘƛƴƎκŎƻƻƭƛƴƎ ǎȅǎǘŜƳ for typical 

chicken farm in Syria [165]. The coupling of PVT/heat pump system has also been experimentally 

investigated [166] and monitored [167]. It is evident that in the scientific community, there is strong 

towards applications where the heat pumps also coupled with geothermal energy and PV/Ts that 

especially in poultry and pig facilities (confined animal buildings). 

Also, during the last years, private companies active in the field of agriculture and RES, have proceeded 

to the installation of heat pumps in commercial livestock facilities. IEC Heat Solutions has installed 

several GSHPs for heating broiler houses across the UK9. Inno+ BV has also use - among other 

technologies - heat pumps for improving indoor climate of poultry (eggs and broilers)10 and pig farms 

in The Netherlands11. The general approach was to recover heat from air scrubbers, to exploit heat 

from adult animals to warm the young one and use excess heat for other functions (feed 

fermentation). Though still in its infancy, the integration of heat pumps in - both new and retrofitted - 

livestock buildings are welcomed by the stakeholders as a viable solution, environmentally and 

economically. 

 

 

 
9 https://www.iecsolutions.co.uk/heat-solutions/projects/ 
10 https://inno-plussystems.com/en/the-most-innovative-climate-and-energy-system-in-the-world/ 
11 https://inno-plussystems.com/en/best-piglet-house-in-the-world-according-to-climate-specialist/ 

https://www.iecsolutions.co.uk/heat-solutions/projects/
https://inno-plussystems.com/en/the-most-innovative-climate-and-energy-system-in-the-world/
https://inno-plussystems.com/en/best-piglet-house-in-the-world-according-to-climate-specialist/
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4.2. Potential farming applications 

4.2.1. Pilot (experimental) farm in Belgium (swine) 

¢ƘŜ ŦŀǊƳ ά±ŀǊƪŜƴǎŎŀƳǇǳǎέ ƻǇŜǊŀǘŜǎ ŦƻǊ ǊŜǎŜŀǊŎƘ ŀƴŘ ŜŘǳŎŀǘƛƻƴŀƭ ǇǳǊǇƻǎŜǎ ŀƭƻƴƎǎƛŘŜ ŀ ƴƻǊƳŀƭ 

commercial production. It is a farrow-to-finish pig farm with place at any moment for 105 sows, 600 

ǇƛƎƭŜǘǎ ŀƴŘ трл ŦŀǘǘŜƴƛƴƎ ǇƛƎǎΣ ŀƴŘ ŀ ǘƻǘŀƭ ōǳƛƭŘƛƴƎ ŀǊŜŀ ƻŦ ϤнΣрлл ƳчΦ IŜŀǘƛƴƎ ƛǎ ǇǊƻǾƛŘŜŘ ȅŜŀǊ-round 

by a 60-kW gas heater with a fossil gas consumption of ~220 MWh/year. The mechanical ventilation 

system and heating system are steered through temperature sensors in each room. Heat is delivered 

through a multitude of delivery systems depending on the need and the stage of production. 

Within RES4LIVE, two modular heat pumps of 30 kW each will be used to provide the heating at 

different temperature levels and cooling if necessary. Moreover, PVT collectors will be installed, with 

their heating production provided directly to the farm during summer, while during winter to assist 

ǘƘŜ ƘŜŀǘ ǇǳƳǇ ŀƴŘ ƭƛŦǘǎ ƛǘǎ /ht όάǎƻƭŀǊ-ŀǎǎƛǎǘŜŘέ ƳƻŘe), with the possibility to use few PV panels to fix 

the heat-to-electricity ratio. On an annual basis, the PV electricity will be more than the heat pump 

consumption, with the excess reducing the electricity from the grid. The smart energy control will be 

installed to manage the energy flows and matching the PV production with the heat pump 

consumption. The overall outcome is the 100% replacement of fossil fuel ς gas (220,000 kWh/year) 

with renewable energy plus electricity demand. 

4.2.2. Pilot (commercial) farm in Italy (swine) 

Golinelli pig farm is located in Modena province of northern Italy and it rears 500 sows and 2,500 

sucklings. The farm consists of a farrowing barn, a nursery barn, a gestation barn, and a hog barn with 

gestation sector. 

To eliminate the fossil gas consumption of a 34-kW LPG boiler of the nursery barn (about 7,500 

kg/year), a 35-kW heat pump will be installed for the nursery barn. Additionally, a PVT system of 

approx.104 kWth and 20.8 kWel will be installed to provide electricity for the heat pump operation 

and the electric needs of the nursery barn, and thermal energy. The latter will be exploited through a 

ground heat storage with vertical boreholes of coaxial types of max. 10 m depth with the geothermal 

controller, thus increasing the heat pump efficiency by over 20%. A smart control system with sensors 

will be also installed for indoor environment and energy management. The project will lead to the 

replacement of 100% of electricity and 100% of LPG consumption for the nursery barn with RES and 

efficiency measures, thus saving a total of 29,350 kg CO2/year. 

4.2.3. Pilot (experimental) farm in Greece (poultry) 

This farm occupies an area of 90 m2, (two rooms of 45 m2 each for growing hens and eggs production) 

hosting 400 animals and located within the Agricultural University of Athens campus. There is no 

heating/ cooling system (no fuel consumption), while relying on forced ventilation for removing the 

thermal loads during summer. Its electricity consumption is currently ~2,500 kWh/year mostly 

consumed for ventilation and lighting. 

For enhancing the thermal comfort, a heat pump with capacity of 10 kW will be installed. Moreover, 

to eliminate the electricity consumption (including the heat pump), standard PV panels of 8 kWp will 

be installed on the rooftop, as well as inverter-driven motors of the ventilators. A smart control system 

will be installed to manage the: (1) indoor environment for keeping the temperature and humidity 
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within the thermal comfort zone, (2) regulation of the ventilator fans speed, and (3) PV power 

production for maximising the self-consumption.  

4.3. Status of Implementation in Europe 

!ŎŎƻǊŘƛƴƎ ǘƻ 9ǳǊhōǎŜǊǾΩ9wΩǎ IŜŀǘ tǳƳǇ .ŀǊƻƳŜǘŜǊ ǊŜǇƻǊǘ12, about 3.9 million HPs were sold during 

2019, all capacities and technologies taken together, which amounts to 12.6% annual growth (3.5 

million units sold in 2018). The market data, leaving aside the UK13, is given in Table A9. 4. These figures 

are representative of the residential and service sector markets, that cover a power range extending 

from a few kW to more than 20 kW). The medium- and high-capacity HP market is much smaller, as 

fewer than one thousand industrial and heating network HPs are sold in the EU. 

Table A9. 4. Heat pump's components and integrated heat pump systems suppliers. 

 

The European Union installed HP base to date at about 40.0 million units (38.3 million ASHPs and 1.7 

million GSHPs). This figure is not restricted to heating uses, but covers both cooling and heating uses, 

for systems whose performance factors meet the Renewable Energy Directive criteria14. The 2020 

report argues though that putting a figure on the number of HPs in service is a tricky exercise that is 

contingent on the decommissioning assumptions adopted for each county and the availability of 

statistics supplied by the Member States or HP industry associations. 

4.4. Best practices/ typical combinations with other technologies 

Heat pumps can be combined with heat from other RES in hybrid systems. These sources might be 

renewable in origin or waste energy from industrial processes and exhaust air from buildings. Heat 

 
12 https://www.eurobserv-er.org/heat-pumps-barometer-2020/  
13 UK officially left the European Union on 1 January 2020 
14 Heat pumps that do not meet these criteria have not been included. 

https://www.eurobserv-er.org/heat-pumps-barometer-2020/


 

105 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

pumps can be highly efficient, although their overall primary energy efficiency depends on the 

efficiency of the electricity production (or other thermal energy source) they use. The most usual heat 

sources are the ambient air source and the ground (Fig. A9. 15). Moreover, the heat pumps can be 

combined with photovoltaic systems or other waste heat sources (WHR), which can provide heat to 

ǘƘŜ ƘŜŀǘ ǇǳƳǇΩǎ ŜǾŀǇƻǊŀǘƻǊΦ 

 

Fig. A9. 15. Air-source (left) and ground-source (right) heat pump. 
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Appendix 1 0 : Combined heat power  

1. Technical description 

1.1. Working principle 

The production of electricity is an inefficient process. Although some plants achieve energy conversion 
efficiencies of 60%, most operate closer to 30% and even less [168]. In the last decades, great 
improvements are made regarding the energy efficiency of power generation, however, still between 
40% and 70% of the primary energy is wasted as unexploited heat.  

Combined Heat and Power (CHP) is an energy efficient technology consisting of a conventional power 
generation unit (PGU) and a heat recovery unit. The heat recovery system recovers a substantial 
amount of heat that would otherwise be wasted, tackling the low energy efficiency of separate 
generation of heat and power. In this way, the overall energy efficiency of a power generating system 
can be increased from 30 - 60% up to 85%, by utilizing the waste heat. As electricity and thermal energy 
are generated in a single integrated system, CHP is often called cogeneration (cogen). Energy demands 
exceeding the thermal or electrical power delivered by the CHP plant can be bridged by respectively 
auxiliary boilers and the local grid.  An illustration of a typical CHP layout can be found in Fig. A10. 1.  

 

Fig. A10. 1. Overview of a typical CHP architecture. 

 

Fig. A10. 2. Energetic comparison of separate generation of electricity and heat with CHP. 

A theoretical evaluation indicating the difference in primary energy consumption between the 

traditional (separate) generation and a typical CHP system is illustrated in Fig. A10. 2. In this example 

a consumer needs 35 units of electricity and 50 units of heat. If heat and electricity would be generated 
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separately, with a power plant operating at an efficiency of 55% and a boiler with an efficiency of 90%, 

120 units of primary energy (i.e. fuel) are used. A CHP plant, operating at an electrical efficiency of 35% 

and a thermal efficiency of 50% however will only use 100 units of primary energy, reducing the fuel 

consumption by 17%.  

Generally, CHP-systems allow for a substantial potential of increasing the energy efficiency and 

reducing the environmental impact compared to the separate production of heat and power. 

Furthermore, CHP systems offer increased reliability and less grid dependency, avoiding transmission, 

distribution and transformation losses and ensuring security of supply. 

1.2. Classification 

CHP units are typically classified according to their prime mover, being the power generation unit. 

Depending on the applications different types of prime movers can be used. 

1.1.1. Reciprocating internal combustion engines 

A reciprocating internal combustion engine (ICE) is a heat engine, combusting fuel with an oxidizer 

(typically air), converting high temperature and high-pressure gasses into a rotary motion by use of 

one or multiple pistons. Reciprocating engines include both spark ignition (SI) and compression ignition 

(CI) engines. SI engines are commonly operated with natural gas, although biogas, propane, gasoline 

and landfill gas are also used [169,170]. CI engines on the other hand typically operate on diesel fuel 

or heavy oil and biodiesel. Typical waste heat sources of ICEs are exhaust gas, turbocharger cooling 

engine jacket cooling water and lube oil cooling water, providing ƘŜŀǘ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǊƻǳƴŘ улϲ/  

Reciprocating engines are a proven technology available in sizes from 3 kW to 20 MW. Making them 

suitable for small to midscale operation. The main advantages for ICEs are a low capital cost, quick 

start up, high reliability, long lifetime, good load following abilities, high part load efficiencies and the 

black start capability. Typical drawbacks however are the intensive maintenance needed, high 

vibration and a high amount of emissions. Especially CI engines have relatively high emissions of NOx 

and pollutants. SI engines operating on gas however have improved emission profiles. Furthermore, 

the temperature level of the heat stream is limited, and ICEs typically comes along with high levels of 

low frequency noise. 

1.1.2. Steam turbines 

Steam turbines are by far the most common technology used in power plants. With typical sizes from 

50 kW to 500 MW, steam turbines are commonly used in large scale operations. In steam turbines, 

pressurized steam is generated by an external heat source and expanded over a turbine. As an external 

heat source is used, the steam can be generated by any kind of fuel (nuclear, gaseous, liquid). This 

leaves the option for the implementation of more sustainable fuels. It must be noted that in steam 

turbines heat is generated and converted to electricity. Hence electricity is a by-product, contradictory 

to combustion turbines and combustion engines, where heat is the by-product. As a mature 

technology, modern steam turbines are very reliable and have extremely long lifetimes, if properly 

operated and maintained. Moreover, the total investment became low- and high-quality thermal 

output is generated. Although steam turbines are the most mature technology for power generation, 

several drawbacks limit their further deployment, amongst other their low efficiency. Other drawbacks 

are the slow start-up times and poor part load efficiencies of steam turbines, making them hard to 
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combine with renewables. Additionally, the power to heat ratio is very low, although it can be easily 

varied in a certain extend. The total efficiency is however high. 

1.1.3. Combustion turbines 

Gas turbines or combustion turbines are a well-known technology and have been used in stationary 

electrical power generation since the late 1930s. Gas turbines typically operate with natural gas as 

fuel, but synthetic gas, landfill gas and fuel oils are also used. Typical sizes range from 500 kW to more 

than 300 MW [171], making them suitable for mid-scale to large-scale operation. Sets smaller than 

1MW however are often economically not feasible [169]. The main advantages of gas turbines are the 

high quality thermal output (i.e. exhaust gas up to 540 ϲ/ύ ŀƴŘ ǊŜƭƛŀōƛƭƛǘȅ ǿƛǘƘ ƻǾŜǊƘŀǳƭ ǘƛƳŜǎ ǘȅǇƛŎŀƭƭȅ 

ranging between 25,000 ς 50,000 h [171]. The main disadvantages are the bad part-load efficiencies 

and emissions, although these are limited compared to liquid fuel combustion, and post combustion 

is possible due to the large oxygen excess. The start-up time of combustion turbines is moderate and 

is considerably shorter than for steam turbines. 

1.1.4. Micro turbine 

Micro turbines are small and compact gas combustion turbines, generating both electricity and heat. 

Micro turbines can be used, in contradiction to conventional combustion turbines, for distributed small 

scale energy applications from several kWs to hundreds of kWs. Microturbines are able to operate at 

extremely high operational speeds as high as 120 000 rpm [168], allowing for small sizes and efficiently 

driving the electricity generator. Moreover, microturbines allows for a fast start up. Furthermore, the 

same advantages and disadvantages for conventional combustion turbines are present. However, the 

specific investment costs strongly increase, and the quality of the thermal output reduces (although 

still being high). 

1.1.5. Stirling engine 

A Stirling engine is, in contrast to an ICE, an external combustion engine in which energy (i.e., heat) is 

applied outside of the device. As typical sizes vary between 1 - 1500 kW, a Stirling engine can be used 

for small- to mid-scale operations, but is most commonly used for small-scale applications. The device 

ƛǘǎŜƭŦ ƛǎ ŀ ŎƭƻǎŜŘ ŎȅŎƭŜΣ ƛƴ ǿƘƛŎƘ ǘƘŜ ǿƻǊƪƛƴƎ ŦƭǳƛŘ ƛǎ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ŎƻƳǇǊŜǎǎŜŘ ƛƴ ŀ ΨŎƻƭŘ ŎȅƭƛƴŘŜǊΩ ŀƴŘ 

expanded in a hot cylinder. In a Stirling engine, the combustion is continuous and controlled, reducing 

the pollution and GHG emissions [170]. As heat is externally applied, analogously as for the steam 

turbines, a Stirling engine can operate at almost any kind of fuel, including more sustainable heat 

sources (e.g., solar driven). Hence, the pollutant and GHG emissions can be substantially decreased 

compared to ICEs. Other advantages over ICEs, although these can be generalised, are safer and more 

silent operation as the working fluid is sealed inside the engine. Moreover, a Stirling engine has limited 

moving parts. The main drawbacks, however, are the low specific power output and the high capital 

costs. Furthermore, the power output is hard to tune. Although Stirling engines are a promising 

technology, they are still in their development phase. 

1.1.6. Fuel cell 

There are a lot of different fuel cells technologies, although these all have the same operating 

principles. Fuel cells are available in sizes between 5 ς 2800 kW and are thus applicable for small- to 

mid-scale operations. In fuel cells, chemical energy from a substance is converted into electricity based 

on a chemical reaction with an oxidizing agent, typically oxygen, producing water as by-product. The 
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chemical substance used as fuel is typically hydrogen. If the hydrogen is produced in a sustainable way, 

fuel cells are one of the most sustainable ways to create both electricity and heat. Another advantage 

is that fuel cells have few or no moving parts, causing it to be a reliable and low noise technology. 

Moreover, fuel cells are able to operate at high electrical efficiencies under varying loads. The main 

drawback however is that fuel cells are not yet commercially available due to its high cost. 

Furthermore, the hydrogen production is commonly not emission and carbon free, the start-up time 

is long, and the power density is low. The temperature of the waste heat and the power to heat ratio 

are strongly dependent on the type of fuel cell and the operating conditions. 

An overview of the main characteristics for each prime mover is presented in Table A10. 1 [169ς173]. 

Table A10. 1. Overview of the main prime mover characteristics. 

Prime mover ICE Steam 
turbines 

Combustion 
turbines 

Micro-
turbines 

Stirling 
engine 

Fuel cell 

Size (Ὧὡ ) 3ς20000 50ς500000 250ς300000 15-250 1-1500 5ς2800 
Overall efficiency (%) 70-83 ψͯπ 65-75 63-75 65-85 55-80 
Power to heat ratio 0.5-1.2 0.07-0.3 0.5-2 0.4-0.8 1.2-1.7 0.8-2 

¢ŜƳǇŜǊŀǘǳǊŜ ƘŜŀǘ ƻǳǘǇǳǘ όϲ/ύ 80 540 540 200-350 60-200 60-480 
Part load performance Good/Fair Fair/Poor Fair/Poor Fair Good Good 
Start-up time 10s 1hr-1day 10min-1hr 60s  3hr-2days 
Hours to overhaul 30000-

60000 
>50000 25000ς50000 40000-80000  32000ς64000 

ὅὕ  (kg/MWh) 500-651  525-680 χͯςυ   
ὔὕ (kg/MWh) S.I: 0.23, 

C.I. 9.9 
 0.14-0.5 0.1-0.18   

: No data available. 

: No information is given as it depends strongly on the fuel source, which is flexible 

1.3. Installation and maintenance 

To provide desired levels of reliability and efficiency, CHP installations require effective and reliable 

monitoring and maintenance. Specific maintenance requirements are depending on the type of CHP 

technology as listed in section 1.2. In general, however, relatively little routine maintenance is needed. 

Inspection at the planned service intervals should be sufficient, provided that supply of fuel, water and 

air to the unit are guaranteed. 

2. Performance 

2.1. Fuel or electricity use 

A CHP unit uses fuel to generate heat and electricity. The type of fuel that is used is depending on the 

type of CHP unit, as listed in section 1.2. To determine the amount of fuel, an estimate can be made 

based on the required power output and the efficiency of the unit. 

2.2. Factors affecting performance 

The performance of a given CHP unit is relatively stable. Although supply air temperature will slightly 

influence the efficiency, local climate does not have a significant impact. To guarantee constant 

performance, fuel composition should be monitored, and regular cleaning is advised. 

2.3. Efficiency and lifecycle emissions 

Table A10. 1. provides the overview of typical efficiencies and emissions per type of CHP installation. 
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2.4. Operation strategies 

Several possible strategies exist for the operation of CHP systems. 

2.4.1. Electric load following 

In this operation strategy, the PGU generates the amount of electricity that is demanded. The 

corresponding waste heat is used to satisfy the thermal demands.  If the recovered waste heat is not 

sufficient to satisfy the thermal demands, an auxiliary boiler is needed. If there is an oversupply of 

recovered waste heat, this heat could be stored, valorised or discarded. Typical methods of valorising 

the waste heat are either conversion to electricity by organic Rankine cycles or upgrading to higher 

temperature waste heat by means of heat pumps. The latter is only useful when the temperature of 

the waste heat is low and there is a higher temperature heat demand present. 

2.4.2. Thermal load following 

In this operation strategy the PGU generates the amount of heat demanded. If the corresponding 

electricity generated is not sufficient to meet the electricity demand additional electricity may be 

imported from the electricity grid. Otherwise, the electricity excess can be stored or send to the grid. 

If the electricity is stored electricity purchases from the grid may be eliminated. 

2.4.3. Base load operation 

If the CHP system delivers a constant amount of electricity and heat, additional required electricity or 

heat can be either purchased from the grid or delivered via an auxiliary boiler. 

To take advantage of CHP system, it must be noted however that both a heat demand as an electricity 

demand should be present simultaneously. If this is not the case, or there is only a limited overlap, a 

thermal energy system should be assessed, or separate generation should be considered. 

3. Cost  

3.1. Installation costs 

The economics of the CHP applications strongly depend on the installation costs, lifetime of the system, 

operational and maintenance (O&M) expenses and the value of the electricity and heat produced. An 

overview of the main economic parameters for each CHP-system can be found in Table A10. 2 

[169,171ς173]. In this table large scale steam and combustion turbines shows superior economics, 

while fuel cells show the least favourable economics. 

Table A10. 2. Main economic parameters for different CHP types. 

Prime mover ICE Steam 
turbines 

Combustion 
turbines 

Micro-
turbines 

Stirling 
engine 

Fuel cell 

Life Cycle (Year) 20 25-35 20 10 10 10-20 

Installed cost (ú/kW) 900-2400 350-1650 800-2700 2000-3500 1000-1650 3750-8200 

O&M costs (ú/kWh) 0.006-0.021 0.003-0.0082 0.003-0.011 0.006-0.02 N/A 0.026-0.037 

 

No fuel or energy (i.e., heat and electricity) costs are added in the overview as these strongly depends 

on a country, regional or site specific basis. Moreover, variable pricing schemes are often applied.  The 

economics of CHP units in general are favourable in cases that the fuel prices are low, while the 

electricity price is high. 
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3.2. Operation and maintenance costs 

3.2.1. Operation costs 

During operation, CHP units consume a type of fuel. Based on the cost of the specific fuel and on the 

required power output and efficiency of the unit, the operation costs can be calculated. 

3.2.2. Maintenance costs 

As maintenance of CHP units is typically limited (see section 1.3), the maintenance costs also limited. 

3.3. ROI/IRR/Payback period 

Cost saving are dependent on the type of fuel used by the CHP and the cost of gas and electricity from 

the grid. The higher grid costs are, the higher the potential cost savings. 

Also, the calculation of the payback period is difficult and case specific. One example was found of a 

CHP unit installed on a farm, where a payback period of 6 years was possible. 

3.4. Funding possibilities 

Due to the increased energy efficiency and the reduction in environmental impact, several EU member 

states introduced support mechanisms to promote CHP systems. Westner and Madlener [174]. 

summarized the CHP support mechanisms applied in several EU member states. The summary can be 

found in Fig. A10. 3 [174]. It must be noted that some results might not be representative anymore as 

the paper was published in 2009. 

 

Fig. A10. 3. Support Mechanisms CHP system in Europe. 
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4. Applications 

4.1. Existing non-farming applications 

CHP is used in many industrial applications where there is a combined heat and power demand. 

Additionally, some other applications of CHP systems are possible: Trigeneration, Combination with 

thermal energy storage and district heating systems 

4.1.1. Trigeneration 

If thermally activated technologies e.g., absorption chillers and adsorption chillers are integrated in 

the CHP system the thermal energy can be further utilized to provide cooling. A vapour compressor 

chiller can be used when no thermally activated cooling technologies, but electrically driven cooling 

technologies are desired. In this way electricity, heating and cooling are both provided from a single 

source, hence the name trigeneration. Combined cooling, heat and power (CCHP) is also commonly 

used as alternative name for trigeneration. An illustration of a typical CCHP layout is given in Fig. A10. 

4., although conventionally either a thermally activated or an electrically driven cooling technology is 

used, but not combined.  

If the thermal demand is mainly for space heating purposes, the heating demand during summer will 

be low or there will be no heat demand at all. When cooling however is integrated, a CCHP system will 

be able to provide cooling during summer. If there is a considerable amount of cooling during summer 

the system can be more utilized. Hence faster returns on investment are to be expected. 

 

Fig. A10. 4. Overview of a typical CCHP architecture. 

4.1.2. Combination with Thermal Energy Storage 

Peak boilers are installed in order to overcome the mismatch between heat demand and supply, 

allowing to decrease the capacity of the CHP. A much more energy efficient method to overcome the 

energy mismatch between heat supply and demand profiles however is thermal energy storage (TES). 

Moreover, it allows more electricity to be produced during peak hours when prices are typically high. 

McDaniel and Kosanovic [175], even state that TES can be used to mitigate the high cost of fuel in 

winter by charging the TES when the fuel costs are low. In a TES system, heat is stored during moments 

of heat excess (i.e., non-peak hours) and released during moments of heat shortages (i.e., peak hours). 

Peak boilers might still be used when a TES system is installed, as they are a reliable back-up, and the 

energy balance does not always allow the TES to cope with all heat shortages. Moreover, even if the 

energy balance allows the TES to cope all heat shortages, the economically optimal TES size might not 

cover all heat shortages. 
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4.1.3. District heating systems 

In district heating networks, heat is produced by one or multiple centralized producer(s) and is 

distributed by a heat network in order to meet multiple coƴǎǳƳŜǊǎΩ ǊŜǎƛŘŜƴǘƛŀƭ ƘŜŀǘ ŘŜƳŀƴŘǎΦ IŜŀǘ 

networks are interesting to combine with CHP units, as most units are not straightforward to install in 

households and economies of scales are often applicable. Two other early justifications for the use of 

district heating networks in urban areas, according to Reddick et al. [176], were the desire to avoid 

boiler explosions and to remove the combustion of fuels from densely populated areas. Jamsek et al. 

[177] also highlighted that larger combustion units typically have more advanced flue gas cleaning than 

single boiler systems and that in case of combined heat and power generation plants, district heat 

networks are very energy efficient. 

When CHP units are combined with heat networks, the thermal energy produced by the CHP system 

is distributed by a heat exchanger network, providing heat to buildings in the neighbourhood. This 

method is particularly popular in northern Europe, in Denmark for example 75% of the district heating 

energy, taking a considerable share in the total heating energy, is provided by CHP systems [175].   

4.2. Existing farming applications 

Animal waste contributes to significant environmental problems if not properly processed. The organic 

feedstock (e.g. manure) however, allows for the production of the renewable energy resource biogas, 

by anaerobic digestion, also producing fertilizers [178] which can be locally used for soil enrichment.  

Biogas can be used as a fuel source for several CHP systems, allowing for the production of both heat 

and electricity, as typically demanded in animal farms. Hamzehkolaei and Amjady [178] analysed the 

feasibility of a small scale CHP unit with a dual fuel ICE as prime mover for a farm with 3058 dairy cows, 

ǇǊƻŘǳŎƛƴƎ ŀōƻǳǘ ро фмл bƳш ōƛƻƎŀǎ ǇŜǊ ƳƻƴǘƘΦ ¢ƘŜ ŀǳǘƘƻǊǎ ŎƻƳǇŀǊŜŘ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ŀ 

375kWe CHP system to the conventional technology, being importing electricity from the grid and 

generating heat by use of a diesel fuel boiler. The two cases were compared both from an economic 

as an environmental point of view. The results showed that the implementation of a CHP unit would 

lead to an annual cost saving of 73 159 $ and a payback period of 28.5 months, while reducing the 

annual CO2 emissions by 529.65 tons. An illustration of a typical animal farm-based Biogas CHP system 

can be found in Fig. A10.5. 

 

Fig. A10. 5. Schematic overview of a farm-based biogas CHP System. 
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4.3. Status of implementation in Europe 

Although CHP units allows for the implementation of more sustainable fuels, most CHP units installed 

in the EU-27 operate on natural gas and solid fossil fuels (e.g., coal). In 2008 the shares of these fuels 

were respectively 39% and 35% of the total fuel input [179]. Even though CHP units considerably 

reduce the fuel usage compared to separate production, preventing huge amount of both GHG and 

pollutants emissions, it must be taken into account that most CHP plants currently operate on fossil 

fuels and hence are far from sustainable. 

The 1997 Community strategy to promote CHP set an indicative target of 18% for the EU-15 by 2010, 

doubling the relative electricity production from 1994. Their projections showed that 65 Mt CO2 per 

year would be saved by 2010 if the target is reached. However, the contribution of CHP systems in 

Europe has stalled since then and the target was not reached. Mainly because of less favourable CHP 

economics caused by rising fuel costs and more favourable electricity costs.  

The share of electricity produced in 2009 by CHP units in multiple EU-countries is illustrated in Fig. 

A1.6. With Denmark taking the largest share of respectively 45%, while Malta has no (reported) CHP 

plants installed. At a European level around 11% of all electricity is produced by CHP units. 

 

Fig. A10. 6: CHP Share in power generation: EU-27: Eurostat 200915. 

 

 
15 https://www.eea.europa.eu/data-and-maps/indicators/combined-heat-and-power-chp-1/combined-heat-
and-power-chp-2 
 

https://www.eea.europa.eu/data-and-maps/indicators/combined-heat-and-power-chp-1/combined-heat-and-power-chp-2
https://www.eea.europa.eu/data-and-maps/indicators/combined-heat-and-power-chp-1/combined-heat-and-power-chp-2
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Appendix 11 : Organic Rankine  cycle  

1. Technical description 

1.1. Working Principle 

The Organic Rankine Cycle (ORC) machine refers to a device that utilizes low-temperature heat to 

convert it into useful work, which can itself be converted into electricity, while operating in a cycle. 

Conceptually, the ORC is similar to a Steam Rankine Cycle, and it is based on the vaporization of a high-

pressure liquid, which in turn is expanded to a lower pressure, producing electrical work. The cycle is 

closed by condensing the low-pressure vapor and pumping it back to the high pressure. 

ORC is named for its use of an organic, high molecular mass fluid with a liquid-vapor phase change, or 

boiling point, occurring at a lower temperature than the water-steam phase-change. The fluid allows 

Rankine cycle heat recovery from lower temperature sources such as biomass combustion, industrial 

waste heat, geothermal heat, solar ponds etc., and this is the main application of such cycles. 

ORC involves the same components as a conventional steam power plant (a boiler, a work-producing 

expansion device, a condenser, and a pump). However, the working fluid is an organic compound 

characterized by a lower boiling temperature than water, allowing power generation from low heat 

source temperatures [180]. The ideal ORC consists of the following four processes for the selected 

working medium: 

1-2: Isentropic compression of working fluid from low to high pressure (pump) 

2-3: Constant pressure heat addition by external heat source (evaporator) 

3-4: Isentropic expansion (expander)   

4-1: Constant pressure heat rejection (condenser) 

The four non-ideal processes in the Rankine cycle, are presented in Fig. A11. 1 and Fig. A11. 2 [181], 

for a simple and a recuperative ORC, respectively. The states are identified by numbers in the T-s 

diagram. 

 

Fig. A11. 1. Organic Rankine cycle (left) and typical temperature-entropy diagram (right). 

The four processes of the simple Organic Rankine cycle correspond to four main components of the 

cycle, namely the pump, the evaporator (or boiler), the expander, and the condenser. Often, extra 

components are suitably coupled with the main equipment in order to make the total assembly more 
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efficient (e.g., recuperator) and functional (e.g., control systems). Recuperator is a regenerator 

όǎƻƳŜǘƛƳŜǎ ƪƴƻǿƴ ŀǎ ƛƴǘŜǊƴŀƭ ƘŜŀǘ ŜȄŎƘŀƴƎŜǊύ ǘƘŀǘ ŜȄǘǊŀŎǘǎ ƘŜŀǘ ŦǊƻƳ ƅǳƛŘ ƭŜŀǾƛƴƎ ǘƘŜ ŜȄǇŀƴŘŜǊ ŀƴŘ 

uses this to preƘŜŀǘ ǘƘŜ ƅǳƛŘ ŜƴǘŜǊƛƴƎ ǘƘŜ ŜǾŀǇƻǊŀǘƻǊΦ 

 

Fig. A11. 2. Recuperative Organic Rankine cycle with (left) and typical temperature-entropy diagram (right). 

¢ƘŜ ǘƘŜǊƳŀƭ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ŀƴ hw/ ǎȅǎǘŜƳ ƛǎ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘŜ ǿƻǊƪƛƴƎ ŦƭǳƛŘΩǎ ǇǊƻǇŜǊǘƛŜǎΣ ǘƘŜ Ƴŀǎǎ Ŧƭƻǿ 

rate, the heat that is recovered by the system, the power needed by the system, and the power 

generated by the system. The objective of an ORC system is to maximize the power recovery of a waste 

heat stream. ORC thermal efficiency is defined as net power out divided by thermal waste heat in. ORC 

is considered an energy efficiency technology that saves energy with no considerable gas emissions, 

but there is the possibility of leakage of a working fluid with high-global warming potential (GWP).In 

general, the design of an ORC machine is affected by the heat source (e.g., waste heat, biomass, 

ƎǊƻǳƴŘΣ ǎƻƭŀǊύΣ ǿƘƛƭŜ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΩ ŘƛƳŜƴǎƛƻƴǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ƳŀŎƘƛƴŜΩǎ ƻǾŜǊŀƭƭ ǎƛȊŜ ŀƴŘ 

architecture, depend on the desired conditions that have to be met. Therefore, the Ƴŀƛƴ ŎȅŎƭŜΩǎ 

components need to address the thermodynamic conditions of the designed cycle. 

1.2. Power outputs 

As it is presented in Table A11. 1 (based on [182] and [183]), there is a very broad range of power 

outputs that can be achieved in ORC applications with different types of expanders. The choice of the 

expansion device strongly depends on the cycle operating conditions, type of working fluid and the 

range of net power generation. 

Table A11. 1. Typical power outputs of different expander types. 

Expander type Power Output [kWe] 

 

Scroll 0.25 - 5  

Screw *                  5 - 1000  

Rotary Vane **                        < 1.5 

Reciprocating piston ***                    5 - 20  

Radial inflow turbine 30 - 500  

Axial flow turbine > 50  

* 1.5-1000, ** <2.2, ***<2.0 
(in [184]) 

 



 

117 
 

 

Document: 
 

D2.1. Inventory of market available RES technologies, machinery and energy efficiency 
solutions, and practices 

Editor: 
 
 
 
 
 

Refere 
 
 
 
 
 
 
 
 

R 
 
 
 
 
 
 
 
 

Re 
 
 
 
 
 
 
 
 

Re 
 
 

AU Version: 1.0 

Reference: D2.1 RES4LIVE ID GA 101000785 Date: 29/8/22 

1.3. Mechanical construction & classification based on it 

The expander can be considered as the most technically advanced component of an ORC system [185], 

ǿƘŜǊŜ ǘƘŜ ƭŀǊƎŜǎǘ ǇŀǊǘ ƻŦ ǘƘŜ ŦƭǳƛŘΩǎ ŜƴŜǊƎȅ ƛǎ Ŏƻnverted into electricity, having a critical role in 

determining the cycle efficiency. Based on the nature of their operation, they are broadly classified as 

either displacement expanders (or volumetric expanders, i.e., scroll, screw, reciprocating piston, and 

rotary vane expanders) and turbomachine expanders (or velocity expanders, i.e., axial flow and radial 

inflow turbines) [181], as shown in Fig. A11. 3.  

 

Fig. A11. 3. Expander types used in ORC systems. 

In general, the volumetric expanders are suitable for smaller power output (<50 kWe) and often 

derived from heating, ventilation, air-conditioning and cooling (HVAC) compressors modified to 

operate in reverse. Both turbomachines and volumetric expanders have their own advantages and 

disadvantages along with several types available for each main category. For high power output, 

turbines are cost-effective and constitute the baseline technology16. In the medium to low power of 

less than 400 kW technical constraints pushed to the development of various expansion devices, and 

screw-Lysholm or scroll expanders are preferred [182]. More recently, some improvements for the 

expansion process have been proposed, such as the isothermal expander, where the expander is 

heated to keep constant temperature during expaƴǎƛƻƴΣ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ŜȄǇŀƴŘŜǊΩǎ ŜŦŦƛŎƛŜƴŎȅΦ 

¢ƘŜ ƘŜŀǘ ŜȄŎƘŀƴƎŜǊǎ ŀǊŜ ǘƘŜ ŎȅŎƭŜΩǎ ŎƻƳǇƻƴŜƴǘǎ όCƛƎΦ !11. 4) that recover the wasted energy to heat 

the refrigerant, and on the other side of the cycle reject the heat to the environment. Therefore, these 

components have a key role for the cycle performance. Heat exchangers represent a major share of 

the total module cost; therefore, their optimization should be carefully performed. Key characteristics 

regarding heat transfers are the effectiveness, the pinch-point and the pressure drop. Each heat 

exchanger of the cycle is sized according to two key characteristics: the effectiveness and pressure 

drop. Different types of heat exchangers can be used depending on the application, with shell-tube 

 
16 In reality, turbines constitute the only choice, since most screw expanders are limited to ~250kWe. Also, 
turbines are dynamic machines, which means that can vary the operating point during operation. 
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being the most common mainly in larger-scale systems, while plate heat exchangers are employed 

mainly in small-scale systems due to their compactness. The critical heat exchanger is usually the heat 

exchanger installed on the heat source side (evaporator) since the heat recovery takes place in the 

high-pressure side. Depending on the cycles operating conditions, this heat exchanger must withstand 

high temperatures and pressures and has to present suitable design to reduce impact of fouling and/or 

corrosion. Heat can be recovered by means of two different setups: (1) direct heat exchange between 

heat source and organic fluid, and (2) an intermediate heat transfer fluid loop that is integrated to 

transfer heat from the waste heat site to the evaporator, such as thermal oil [186] in order to avoid 

blockage effects and heat-exchanger degradation because of fouling. The selection of the evaporator 

depends on the heat source. The heat sources in commercial ORC plants are mainly: biomass, 

geothermal, waste heat recovery, and solar. 

 

Fig. A11. 4. Plate (left) and shell-tube heat exchanger (right). 

The other main component of an ORC is the condenser, consisting of a heat exchanger whose purpose 

is to return the low-pressure vapor from the expander outlet to liquid state. This requires a cooling 

media of lower temperature than the organic working fluid. Most common in commercial ORC 

applications is water-cooled condensers but air-cooled (dry or wet) condensers also exist for small 

cooling loads. The water-cooled condensers usually employ a cooling tower to bring the water back to 

its initial temperature. In general, the performance of the condenser depends on the pressure of the 

working fluid, but also on the heat transfer characteristics of the cooling media, such as the 

temperature and fluid flowrate. Table A11. 2 presents various heat exchanger types that can be used 

for an Organic Rankine cycle depending on the application. 

Table A11. 2 Types of ORC heat exchangers. 

Heat exchangers 
Plate heat exchangers 

 
Shell-tube heat exchangers 

Condensers 
Air-cooled (dry or wet cooling) 

Water-cooled 

Evaporators 
(depends on the heat source) 

Boilers  
Plate/Shell-tube heat exchangers 

most commonly high temperature 

 

The last main component of an ORC system is the feed pump (Fig. A11. 5), which is responsible for the 

circulation of the working fluid and thereby its pressurization before it enters the evaporator. Feed 

pumps are key components, and their design or selection process should be particularly attentive. They 

should comply with the cycle requirement in terms of controllability, efficiency, tightness and NPSH 

 

 
 




























































































































































































































