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Apstract:  

 

 

   Large industrial units, electrical generating stations and nuclear power plants all produce 

waste heat during different processes generally in the form of flue gases or warm water. The 

high or medium temperate waste heat can be used for many applications, however low 

temperature waste heat has a few usages such as space heating, water heating or preheating in 

different industrial processes. Heating is one of the main costs for greenhouse especially in 

the cold regions like Sweden, so it is very clear that the use of waste heat for greenhouse 

space heating can bring economical and environmental friendly benefits both for industries 

and greenhouse owners.  

This report investigated both technical and economical possibilities to start new greenhouses 

in the region close to the industries to make use of their waste heat. Case study of 300 m2 

polycarbonate twinwall greenhouse selected and peak power demand, annual heat energy and 

operational electricity requirement for it calculated. This study showed that each square meter 

of greenhouse requires around 233 W peak power demand and 263 kWh annual energy 

demand. Case study of Sorption Company could support 656 m2 greenhouse.  

Economy calculations investigated investment and annual cost and by using an online 

calculating program, pay-off time and profitability of investment has been studied. Pay-off 

time counted for 3.1 years, which can be considered as a good investment for such a projects. 
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 Company Introduction 
 

 

 

   Bergslagen industrial area has the significant importance in the Swedish steel industry, 

(Figure 1). The Bergslagen Region is globally leading within a number of specialized niche 

products such as bearing steel, stainless pipes for oil-, nuclear and combustion industries, high 

speed steel, high strength steel, tool steel, as well as many other quality 

steels. Export accounts for 80 % of the total production [1]. By an 

initiative from Jernkontoret, Triple Steelix was started 6 years ago with 

the objective to support the development of the Bergslagen steel 

industrial cluster. This cluster includes about 700 small and medium-

sized enterprises (SMEs), 6 steel producing companies, manufacturers 

of mechanical equipment for metal forming, and industrial IT, etc. 

Members in the Triple Steelix initiative are 13 municipalities, Region 

Dalarna, Region Gävleborg, the University of Dalarna and Gävle, 

regional actors as IUC Dalarna, Falun/Borlänge regionen and Stiftelsen 

Teknikdalen (foundation for regional development) and the regional 

authorities. Financially, Triple Steelix is supported by Vinnova, the 

regional public stakeholders and the member industries.                   

The steel industry, as well as many of the SME’s in the steel industrial cluster, is large energy 

consumers. The potential for increased energy efficiency, as well as heat recovery is expected 

to be significant. The reasons for the insufficient adoption of energy conservation are many, 

including: 

 

Figure 1: Steel Industry in Sweden 
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a) Lack of information,                             

b) Organizational structure, 

c) Technical and financial reasons that hinder enterprises, (Markis, et al., 2007)  

d) Historically low energy prices.  

 

In 2009, the Clean Production Centre (CPC) was founded in Hofors with the aim to build a 

cluster of local companies with the ambition to cooperate in developing and building technical 

solutions for increasing energy efficiency and heat recovery in energy intensive industries. In 

2010, Jernkontoret became project holder of CPC and a close cooperation with Triple Steelix 

was launched. The CPC cluster today includes about 50 local steel manufacturers and 

engineering companies, and 4 universities. Further important reason for a regional strategic 

network like Clean Production Centre is to make the regional companies’ understanding of 

the strategic implications of vertical collaboration and of the interdependence of production 

and marketing which contributed to increased open-mindedness and introduced a positive 

attitude to innovation.  

Clean Production Centre provides project management, external analysis, network building 

and functions as a "way in" to these companies' constructions and products. The head office is 

in the Företagarhuset, a building in Hofors. CPC is financed by the EU's regional 

development fund, Region Gävleborg and Hofors, Sandviken and Ockelbo municipalities and 

by Triple Steelix. This is a regional development project that involves eight municipalities, 

three counties, eight major steel companies and around 200 smaller companies in Bergslagen. 
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 History 
 

   Large industrial units, electrical generating stations and nuclear power plants all produce 

waste heat during different processes generally in the form of flue gases or warm water. The 

high or medium temperate waste heat can be used for many applications, however low 

temperature waste heat has a few usages such as space heating, water heating or preheating in 

different industrial processes. Heating is one of the main costs for greenhouse especially in 

the cold regions like Sweden, it can be considered as high as 80% of total energy consumption 

for greenhouse.  Studies shows that it was big interests since 1970 to use this low temperate 

waste heat to heat up greenhouses.  

   From 1970 researches started to investigate the possibilities of using waste heat for 

greenhouse heating, Countries such as USA, France, and UK did some researches to 

investigate the possibilities to use large scale of waste heat especially from power plants both 

technically or economically, but results were not that satisfying for investors especially for 

economic part of projects. The biggest barrier was high investment costs to connect wasted 

heat to greenhouse and another main barrier was the unreliability of wasted energy to could 

support required energy for greenhouse year around because of different maintenance periods 

in the processes and industries [2]. Recently new interests have been appeared, because of 

remarkable energy price increasing, it is not only a good environmental decision, but sounds 

business decision as well [3]. 
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 Background of Project 
 

   It is understandable that use of waste heat for greenhouse heating is not a new idea and even 

in Sweden some researches has done to investigate the possibilities, but always some 

questions remained without answers or not enough clear mostly from economic view for the 

projects. At the same time, there are new environmentally challenges in the local and global 

level to reduce greenhouse gases and using waste heat that is very important for countries and 

their environmental friendly programs. While fossil fuel energy sources are decreasing, and 

with the acknowledge of around 70% of greenhouse energy consumption for the greenhouse 

in Sweden comes from fossil fuels [4], so reuse of wasted heat as an energy source can be 

seen as one of the ways for more sustainable future, so to build greenhouses which uses waste 

heat as energy source is not only economically but also environmentally attractive. The 

following facts and assumptions shows why this is so: 

 

 Waste heat is carbon neutral and a valuable option when energy prices increase while 

energy supply decrease. 

  Waste heat means better use of fuel and contribution to efficiency increase. 

 There are applications to use high or medium waste energy, especially for district 

heating, so it can be assumed that low temperature waste heat, generally lower than  

60 ° C can be interesting, with the knowledge that greenhouses do not require as high 

temperature as district heating network. 

 In the maintenance periods for the industry, it is probably easier to find alternative 

solutions for greenhouse than district heating network because of lower required 

power for greenhouse. 

 Biofuels, which mostly are used in industrial processes, have higher humidity than 

other fuels and they emit larger quantities and more humid flue gases, which means 

more energy recovery even from latent heat energy. 

 More heat suppliers are good for heat input security. It means that if one supplier stop 

working, possibility of reserve backtracking from other waste heat source. 

 It can even be concluded that the more supplier contribute, the lower the heat price. 
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 Purpose of Project 
 

 

   This thesis aims to investigate the practicality of using low-temperature waste heat for 

greenhouse heating. Since heating is about 30% of the operating cost of the greenhouse [5], it 

should be interesting to replace traditional heating with waste heat, which has no alternative 

outlets. 

 

 

Thesis work wants in a pilot case: 

 

 investigate the technical and economical possibilities of using waste heat to heat up 

the greenhouse 

 investigate the prospects of using CO2 from combustion in industry as fertilizer to 

enhance plants growth in greenhouse 

 

Gävleborg is a region with many energy-intensive and highly industrial waste heats, the total 

industrial residual waste heat in the region is several times more than the need for heating in 

all of Sweden's greenhouses. The region is located close to major population centers with 

good market for selling. Large part of Sweden's consumption of greenhouse produced food is 

now imported, mainly from Holland and Spain, at the same time the interest for local 

produced food is growing. With acknowledge of this background, the thesis work should also 

investigate the possibility of an increased greenhouse food production in Gävleborg region. 

If the thesis shows that the concepts are technically and economically interesting, there are 

conditions that after graduation, work with CPC on the commercial development level in the 

region. 
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 General Overview 
 

 

 This report has investigated the possibilities for using of waste heat in greenhouse. 

 Waste heat has been defined, studied, evaluated and the possible applications for 

low temperature waste heat has been reported.  

 Heat exchanger has been defined, studied and different type of them have been 

compared, and suitable types for waste heat recovering has been reported. 

 Different types of greenhouses have been compared, major parts of greenhouse 

such as; heating, ventilation, construction, lighting, fertilizing, irrigation, 

controlling systems and energy conservation for greenhouse have been studied.  

 One study case for waste heat source in the region has been determined and 

quantity and quality of waste heat calculated and studied. 

 Overall heat transfer coefficient for greenhouse has been calculated. 

 Total heat losses for greenhouse have been calculated for peak power and yearly 

losses. 

 Total yearly energy requirement and peak power demand have been calculated. 

 Energy balance has been simulated for a waste heat heated greenhouse.  

 The amount of Carbon Dioxide needs has been calculated and the possibilities for 

direct CO2 assimilation from flue gas has been discussed. 

 Financing of greenhouse projects has been studied, investigated, for a small scale 

greenhouse capital cost, annual cost and pay-back time has been estimated.  

 Waste heat heated greenhouse has been compared with other common energy 

sources for greenhouse. 
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 Research Issues 
 

The major issues for this report are: 

   

 How much energy, the waste heat source has and how big greenhouse area is possible 

to build with this energy? 

 Which kind of heat exchanger has best application and efficiency for different waste 

heat sources?  

 Depend on waste energy form, which type of heating system can be selected for the 

greenhouse. 

 How to scrub CO2 and use it for the plants inside the greenhouse?  

 How much is the costs to build and run one waste heat heated greenhouse and 

comparison with other energy sources. 
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 Delimitation 
 

 

Deep studies are required for many parts; irrigation, lighting, environmental controlling, 

cooling, heating, planting, and so on to could investigate the optimal planting and energy 

calculations, but this report will focus on energy part of greenhouse. To make the 

calculation close to reality, one waste heat source and 300 m2 greenhouse have been 

considered and applied for calculations. Some parts of energy calculations require 

software simulations, experimental yearly studies and so on which is not possible to study 

in this report. For the economy part, preferences are to get prices from Swedish 

companies, but for some equipment prices are from international companies.  
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 Advantages of Project 
 

There was an investigation for waste heat potentials in Sweden by 2009, and Gävleborg, 

Dalarna, Värmland together ranked as a medium potentiated with the potential of 500 – 1000 

Gwh only from 116 investigated industrial units in the region, which were mostly medium or 

low temperature waste heat [6].  To make use of this potential of waste energy means a lot for 

the region both economically or environmentally, and to use it for greenhouses heating will 

bring economical profits, new industries and new job opportunities for the region. By 

knowing that large part of greenhouse products are imported today from other countries, there 

are good potentials to increase local produced greenhouse products and hopefully support 

whole country needs. From environmental point of view, It shows that using waste heat leads 

to less greenhouse gas emissions compared than the traditional one [7]. 
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 Theory: 
 

 

 

• Waste heat 

• Heat Exchanger 

• Greenhouse 

- Heating 

- Ventilation 

- Construction 

- Energy conservation 

- Lighting  
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- Irrigation 

- Carbon dioxide assimilation 
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• Economy 
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2.1 Waste heat 
 

 

2.1.1  Definition 
 

   Waste heat is the heat with higher temperature than ambient which is produced in the 

industrial process and is wasted mostly though chimney as a flue gas or as a warm water into 

the environment, whereas it has still energy left that can be reused for different applications. 

There are several ways to make use of waste heat, but first of all it must be calculated how 

valuable the waste heat is economically. The reuse of waste heat means energy saving for the 

company, energy which has been produced in the boilers, ovens and industrial furnaces. 

Waste heat may be in different forms like flue gases, warm water or solid products. The 

science of energy re-usage is called for ¨energy cascading¨, energy cascading is to how make 

use of wasted energy to achieve the maximum efficiency of existing energy. Generally, it 

obtains through lowering of energy quality, which called to energy enthalpy. Different 

materials depend on their heat capacities, have different enthalpies by different temperature 

and water content, and the goal is to reduce both temperature and water content as much as it 

is possible. But, there are always two important factors which must be considered in energy 

cascading; first practicality and then economy of energy cascading [8].  
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2.1.2  Quality 

 

   Industrial waste heat is divided to three different quality levels depend on its temperature; 

high, medium and low temperature waste heat. US department of energy has categorized 

temperature range of more than 650 ℃ to high, between 650 and 230 ℃ to medium and below 

230 ℃ to low temperature waste energy [9]. 

 

   Depending on different type of industrial processes, waste heat can be dumped with very 

low temperature for example during cooling processes or very high temperatures from 

industrial boilers or furnaces. But, it is obvious that the higher energy quality, the higher cost-

effective and value for waste heat recovery. High temperature waste heat comes mostly from 

different heating processes like industrial boilers, furnaces, incinerator or ovens, Medium 

temperature waste heat comes mostly from exhausts, heat treatment furnaces or drying 

processes and low temperature waste heat produced mostly from cooling and drying processes 

[10]. 

 

   Recovered heat must be managed in the way in order to make the best use of it depend on 

which  application it would be used, which is called for energy cascading, typically it could be 

for preheating in some processes, space heating or water heating. Energy cascading is to use 

the high temperature waste heat in the processes which needs high temperature like preheating 

and low temperature waste heat for processes which don’t need that much high temperature 

like space heating. Table (2.1) compares different source of waste energy sources and their 

energy qualities. 
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WASTE SOURCE AND QUALITY 

 S.No.    Source    Quality   

 1.    Heat in flue gases.    The higher the temperature, the greater the potential value for heat 

recovery   

 2.    Heat in vapour streams.    As above but when condensed, latent heat also recoverable.   

 3.    Convective and radiant heat 

lost from exterior of equipment   

 Low grade – if collected may be used for space heating or air preheats.   

 4.    Heat losses in cooling water.    Low grade – useful gains if heat is exchanged with incoming fresh water   

 5.    Heat losses in providing chilled 

water or in the disposal of 

chilled water   

 a) High grade if it can be utilized to reduce demand for refrigeration. b) 

Low grade if refrigeration unit used as a form of heat pump.   

 6.    Heat stored in products leaving 

the process   

 Quality depends upon temperature.   

 7.    Heat in gaseous and liquid 

effluents leaving process.   

Poor if heavily contaminated and thus requiring alloy heat exchanger.   

Table 1: waste heat source and quality[10] 

 

2.1.3   Quantity 

 

   Quantity of waste heat is the amount of energy that waste heat has stored itself and it 

describes by its enthalpy (kj/kg). Enthalpy is the state property of substance with is same for 

the given temperature and pressure and total enthalpy changes can be calculated from 

Equation (2.1) [10]. 

 

Δ h= h final – h initial                                                                                                                                                                   (2.1) 

 

   The heat energy transferred from temperature change named as sensible heat and it depends 

to the temperature change, mass flow and heat capacity of material (Equation 2.3).  
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The heat energy released by change in material phase named as latent heat and it depends to 

amount of material, and which phase changing is happening (Equation 2.4), for example if it 

changes from gas to liquid form, enthalpy called to enthalpy of condensation, and if it change 

from liquid to gas form called to enthalpy of evaporation [10]. 

 

 

The energy quantity of exhaust gas can be calculated from the Equation (2.2): 

Energy Quantity of exhaust gas = Sensible Heat + Latent Heat                                      (2.2)    

 

There: 

Sensible heat = M * Cp * (Texhaust – T ambient)                                                           (2.3) 

Where: 

- M: Mass flow of the exhaust gases (kg/s) 

- Cp: Specific heat of the exhaust gases (J/kg.℃) 

- Texhaust: Flue gas temperature entering the furnace exhaust system (℃) 

- Tambient: Ambient temperature (℃) 

 

 

Latent heat = M * L * ΔW                                                                                                (2.4) 

Where: 

- M = Mass flow of the exhaust gases (kg/s) 

- Lf or h = Specific latent heat of the exhaust gases (J/kg) 

- ΔW = change on water content 
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There is another way to calculate the amount of waste energy if all energy data for industrial 

plant and furnace is available. The total power available in the waste heat stream is calculated 

by Equation (2.5) [11].  

 

Ef = [
Qt

Sy
] εutilεflueloss                                                                                                        (2.5) 

 

Where  

- Ef : is the total power available in the flue gas (W) 

- Qt: is the total yearly energy consumed by the plant (J) 

- Sy: is the total operational time in seconds for the plant in a year (s) 

- ε util: is the total fraction of the energy which is utilized in the furnace 

- ε flueloss: is the fraction of energy consumed in the furnace which is released through the 

flue gas 

 

 

 The total recoverable power from the waste heat stream is limited by the achievable 

temperature drop in the flue gas, and can be summarized in the Equation (2.6): 

 

 Er = [
Ef

hfg
] [hfg − hext]                                                                                                         (2.6) 

 

Where  

- hfg: is the enthalpy contained in the flue gas as it leaves the furnace regenerator. 

- hext: is the enthalpy contained in the flue gas at the exit of the waste heat boiler. 

- Er: is the total recoverable power in the waste heat stream (W). 
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2.1.4   Waste heat recovery 
 

 

 

2.1.4.1 Definition 

 

   Waste heat losses occur because of equipment’s inefficiencies and thermodynamic 

limitations on processes. New technologies try to design systems with better energy 

efficiency, heat transfer capabilities and insulations, but still there are losses because of 

thermodynamic limitations. These losses in the industrial furnaces can reach to as much as 60 

% of total energy input as a fuel. Statistics show that at least 40% of energy are wasted from 

the furnaces and it means remarkable energy to reuse [9]. 

 

 

Recovering of waste heat can be used for different applications, it can be either reused in the 

same process or transferred to other processes. One of the most common applications is to use 

it for preheating in feedwater, which means lower energy will require to heat the water to its 

final temperature. Another alternative is to transfer it to other processes which probably will 

require a heat exchanger to heat up air or water that can make it useable for variety of 

applications. The use of waste heat means; save on fossil energy, reducing emission of 

pollutants and economical benefits for the company. Table (2.2) shows different waste energy 

sources and their advantages, disadvantages and possibilities to reuse [9]. 
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Temp 
Range 

 Example Sources    Temp (°F)    Temp (°C)    Advantages    Disadvantages/ Barriers    Typical Recovery 
Methods/Technologies   

High 
>1,200°F 
[> 650°C] 

 

 

Nickel refining furnace   
Steel electric arc furnace   
Basic oxygen furnace   
Aluminum reverberatory  
  furnace   
Copper refining furnace   
Steel heating furnace   
Copper reverberatory  
   furnace   
Hydrogen plants   
Fume incinerators   
Glass melting furnace   
Coke oven   
Iron cupola   

2,5003,000   
 2,5003,000   
 2,200   
 2,0002,200 

   
 1,4001,500   
 1,7001,900   
 1,6502,000   
  
1,2001,800   
 1,2002,600   
 2,4002,800   
 1,2001,800   
 1,5001,800   

1,3701,650   
 1,3701,650   
 1,200   
 1,1001,200   
  
760820   
 9301,040   
 9001,090   
  
650980   
 6501,430   
 1,3001,540   
 6501,000   
 820980   

High quality energy,   
available for a diverse        
range of enduses with 
varing temperature 
requirements   
 
Highefficiency power   
generation   
 

High heat transfer 
rate per unit area   

High temperature 
creates   increased 
thermal  stresses on heat 
exchange materials   
  
Increased chemical   
activity/corrosion   

Combustion air preheat   
 
Steam generation for 
process heating or for 
mechanical/   
electrical work   
  
Furnace load preheating   
 
Transfer to medlow   
 temperature processes   

Medium 
4501,200°F 
[230650°C] 

 

Steam boiler exhaust   
Gas turbine exhaust   
Reciprocating engine exhaust   
Heat treating furnace Drying & 
baking ovens   
Cement kiln   

450900   
 7001,000   
 6001,100   
 
 8001,200 
4501,100   
 8401,150   

230480   
 370540   
 320590   
  
430650 
230590   
 450620 

More compatible with   
 heat exchanger   
 materials   
  
Practical for power 
generation 

 Combustion air preheat   
Steam/ power generation   
Organic Rankine cycle for   
power generation  
Furnace load preheating, 
feedwater preheating   
Transfer to low temperature  
processes 

Low 
<450°F 

[<230°C] 
 
 
 

Exhaust gases exiting recovery   
devices in gasfired boilers, 
ethylene furnaces, etc.   
Process steam condensate 
Cooling water from:   
 furnace doors   
 annealing furnaces   
 air compressors   
 internal combustion     
engines   
 air conditioning and             
refrigeration condensers   
Drying, baking, and curing 
ovens   
Hot processed liquids/solids   

150450   
  
 
130190   
  
90130   
150450   
80120   
150250   
 
90110   
 
200450   
 
90450   

70230   
 
 
5090   
  
3050   
70230   
3050   
70120   
 
3040   
 
90230   
 
30230   

Large quantities of 
low temperature heat 
contained in 
numerous product 
streams.   

Few end uses for low 
temperature heat   
  
Low efficiency power 
generation   
  
For combustion 
exhausts,  Low 
temperature heat   
 recovery is impractical 
due to acidic 
condensation and heat   
 exchanger corrosion   

Space heating  
 
Domestic water heating   
  
Upgrading via a heat pump 
to  increase temp for end use 
 
Organic Rankin Cycle   

Table 2.2: Temperature Classification of Waste Heat Sources and Related Recovery Opportunity [9]  

 

 

2.1.4.2    Challenges to Recover Low Temperature Waste Heat  

 

  In order to recover heat from low temperature waste heat, a lot of challenges needs to make it 

technically and economically possible, and the main technical hinder is low rate heat transfer 

in these applications. The heat transfer rate depends on the temperature difference between two 

fluids and surface area of heat exchanger, and since temperature gradient is not that high so 

large surface area is required for better heat transfer rate, and it means more costs. One option 

is to use heat pipe to improve the temperature of waste heat and another way is to cool down it 

below dew point temperature to receive even latent heat stored in exhaust gas, and it can be 

achieved by using of deep economizers or condensation recovery, but still economical 

limitations can be a big challenge for low temperature waste heat recovery [9]. 
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2.1.4.3 Methods 

 

It can be categorized to four major methods: 

 direct usage 

 heat exchanger 

 heat pump 

 vapour recompression 

 

In the first two methods, the waste heat is used as it is, and it means that waste heat has 

adequate quality to be reused, but sometimes it needs boosting the quality of it to be more 

useful. This can be accomplished via using heat pump or vapour recompression [8]. 

 

 

 

 

2.2 Heat Exchangers 
 

 

2.2.1  Definition 
 

   Heat exchanger, means transferring of heat from one stream to another without mixing 

mostly because of contaminants in the high temperature stream or different pressure levels. 

Heat exchangers are divided to three main types depend of the direction of flows: 

 

 parallel flow 

 counter flow 

 cross flow 
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   Heat exchangers are available in liquid to liquid, gas to gas and gas to liquid or liquid to gas 

types and depend on the temperature and pressure range have variety of types to achieve best 

efficiency in the system.  

The most common use of heat exchangers in industry is to transfer heat from exhaust gases to 

combustion air which goes to furnace for reheating, and it means less energy requires to achieve 

final temperature in the furnace. Here comes brief explanation about different types of heat 

exchangers [8]. 

 

 Recuperator 

 Regenerator 

 Passive air preheater 

 Finned tube heat exchanger/Economizer 

 Waste heat Boiler 

 

 

2.2.2 Recuperator  
 

   Recuperators are made of ceramic or metal to support wide range of temperatures and are 

useful for medium to high range temperature systems. Heat transfer can be accomplished by 

radiation, convection or combination of radiation and convection, and are available in different 

models for best performance in different applications. The most common applications of 

recuperators are on annealing or soaking ovens, melting furnaces, gas incinerators, afterburners, 

radiant tube burners and reheat furnaces [9].  

 

2.2.3 Regenerator  
 

   Regenerators are constructed in two main models; furnace regenerator and rotary regenerator.  

Furnace regenerators consist of two brick chambers, which hot combustion air flows though 

one and incoming combustion air through another. The other regenerators named rotary or hot 

wheel and as name implies, it consists of rotating porous disk which located across two ducts 



21 
 

that hot gas flows from one duct and from another duct flows cold gas. These type of 

exchangers are restricted to low to medium temperature applications, but with the ceramic 

material they can support even high temperature application. In hot wheel two flows are 

mixed, which exhaust gas can transfer contaminants to another one. Hot wheels can be very 

useful if transfer of moisture is required [9]. 

 

 

2.2.4 Passive Air Preheater  
 

   Passive air preheater used for gas to gas systems, there are available in two major types; 

plate type and heat pipes. The most common applications are for steam boilers, ovens, gas 

turbine exhaust and recovery from conditioned air. 

The plate type consist of several parallel plates, which hot and cold gas flows alternately 

between plates and it means large area for heat transferring. Heat pipes consist of several 

pipes with sealed ends, which each contains capillary wick structure that uses for effective 

heat transferring of working fluid in hot and cold ends [9]. 

 

2.2.5 Finned Tube Heat Exchangers/Economizers  
 

   It is called for the most common and simple type of heat exchangers that used for gas to 

liquid system. It consists of round tubes which contain hot gases and liquid flows through the 

tubes to receive heat. They support low to medium temperature systems and used mostly to 

heat up water for space heating or domestic hot water or boiler feed water preheating 

applications [9]. 

 

 

2.2.6 Waste Heat Boilers  
 

   Waste heat boilers are water tube boilers that used for medium to high systems to generate 

steam and they are available in variety of capacities to support different flow level of steams 

[9]. 
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2.3 Greenhouse 
 

2.3.1  Definition 
 

   Plants requires desired condition to grow, they need optimal temperature and relative 

humidity range to germinate and grow and to provide a high yield of good quality crops. The 

right climate in the greenhouse also plays a very important role in the plant's ability to resist 

different damages during growing period. The new technologies with controlled climate, 

makes it possible to grow even a little sensitive plants with good results. For greenhouses to 

be economically reasonable, they must be able to produce products with a much higher value 

per unit area per unit time than those grown outdoors. Another important advantage of 

greenhouses cultivation especially in Nordic countries, is the possibility to grow year round 

even in the cold winter season. 

   In order to have a profitable greenhouse, many aspects must be considered to increase the 

amount of yield and decrease the costs as much as it is possible. Without knowledge about the 

plants and their needs, it is impossible to get good results. Energy conservation is the most 

challenging technique in greenhouse industry and with the new techniques, energy 

consumption for greenhouse can be reduced remarkably. Greenhouse consist of different parts 

that each has important role to contribute to have an optimal condition for plants inside the 

greenhouse to finally achieve good amount of yield and economically effective business.   

   Different aspects that shall be considered when the optimal environmental condition is the 

main purpose: 

• Heating system 

• Greenhouse construction 

• Carbon dioxide assimilation 

• Lighting 

• Ventilation 

• Crops 

• Control System 
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2.3.2  Heating: 
 

   Heating system is one of the most important aspects in greenhouse industry that it 

can cover up to 70% of energy costs in Nordic countries and is one of the main costs 

in investment part of greenhouse business. There are two main ways to heat up 

greenhouse, one is to use warm air and blow it via fan coil units into the greenhouse 

and another way is using hot water and circulating it via pipes in whole the 

greenhouse. Heating system for greenhouse technically categorizes to overhead or 

under-bench or on-floor heating system [12]. 

 

2.3.2.1 Overhead Heating 

 

   There are available in the market with wide variety of fuel options and designs. The 

main concept is to warm up the air and blow it in the greenhouse. It can even 

accomplished by hot water and using hot water fan coils. Unit heaters can installed 

either hanging on the wall or freestanding. The main advantages of unit heaters are 

their fast heating capability, economically cheap and low maintenance system 

compared to other heating systems and for some type of plants like hanging baskets 

growing, this heating system shows much better results than other because of direct 

heating of inside air. One of biggest disadvantages for this system is that warm air 

dose not penetrate to lower layer of plants and roots of plants leaves cold and this 

system has a lot of heat losses through roof, because warm air is easier than cold and 

goes up. In order to blow the hot air uniformly throughout the greenhouse, plastic 

canals can be used with holes to transfer hot air to even plants far from unit heaters 

[13]. 

 

 

2.3.2.2 On-floor heating (pipe rail): 

 

   Warm water circulates via plastic pipes on the floor of greenhouse and transfer heat 

to the air. This system are more common for pot plants which grow directly on the 

floor [13]. 
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2.3.2.3 Under-bench heating: 

 

   Hot air or water circulates via pipes or ducts under the floor or bench and transfer 

heat to the soil or floor. Floor heating shows better results than overhead heating 

because of uniform distribution of heat for whole the greenhouse. The disadvantages 

of this system is that it wastes a lot of energy through the soil that it can be improved 

by using insulation under the soil, another problem with this system is that it doesn’t 

warm head of plants that it can be improved by mixing it either with overhead system 

or circulation heat on the middle height of plant [13]. 

 

 

2.3.3  Ventilation 
 

   Plants are sensitive to too warm and humid environment, so there is a need for good 

ventilation system to get rid of excess heat and damp when the temperature and relative 

humidity rises in greenhouse. Horizontal airflow fans are also needed for better air stirring in 

the greenhouse and to have a uniform temperature and relative humidity throughout the 

greenhouse. Small greenhouses don’t need horizontal airflow fans, and main fans can support 

both applications. Ventilation can be done by fans, which called forced air ventilation or by 

openings, which called passive or natural ventilation. The best factor for good ventilation 

system is to have a buoyant atmosphere inside the greenhouse. Generally ventilation should 

be able to control the temperature between 15 to 25 c and relative humidity between 68 to 85 

%, but these numbers vary for different plants. It must be mentioned that high rate of air 

exchange can affect CO2 enrichment. Greenhouse cooling needs energy and it can reach up to 

20 % of total energy consumption for some plants which are more sensitive [14]. 

 

2.3.3.1 Humidity Control: 

 

Relative humidity (RH) is very important for plants growth. Optimal relative humidity level 

improves stem, thickness and size of leaves and fruits. Optimal relative humidity for plants 

are between 60 to 85% and it depends a lot to different plants. One degree Celsius 

temperature change inside the greenhouse, change relative humidity by around 4%, so raising 
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and lowering the greenhouse temperature affect extremely relative humidity. Totally, raising 

the greenhouse temperature reduce RH level and vice versa [15].  

 

High relative humidity 

    

   It happen in the end of days when greenhouse temperature cools down to night temperature 

setting or in the winter time by plants transpiration. Good ventilation can reduce relative 

humidity, and it means mixing moist greenhouse air by dry outside air [15]. 

 
  

Low relative humidity 

   

 It happens on the sunny winter days when minimum ventilation is needed. Low relative 

humidity level inside the greenhouse can be improved by misting. There are some solutions to 

get rid of excess moist when relative humidity is too high, and increase the moist level in the 

greenhouse when relative humidity is too low [15].  

 

Humidification 

 

   It is the technology of increasing humidity level which can be accomplished by help of an 

evaporative device such as misters, fog units, or roof sprinklers. All this devices add water 

vapor to the air by different methods. It can be even done by using Impermeable moisture 

screens that higher humidity and can reduce night time transpiration rates, or closing vents 

during full sunny day to increase humidity level inside the greenhouse [16].  

 

 

Dehumidification 

 

   It is the technology of decreasing humidity level. Ventilation is the most common method to 

dehumidify the inside air by exhausting inside moist air and replacing it with drier outside air.  

There are two major problems with this method. First of all, it causes heat loss during the cold 

period of year, which increases the supplemental heating energy. Secondly, it is sometimes 

insufficient, especially during humid warm weather. In order to reduce the problem of heat 
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losses via ventilation, air to air heat exchanger can be used that can have a efficiency as high 

as 80%. Other ways are using mechanical or chemical dehumidifier inside the greenhouse, 

chemical dehumidifier is more complex system and need high capital cost [16]. 

 

 

2.3.3.2 Ventilation systems 

    

Ventilation is necessary for a greenhouse to control three parameter: 

 Temperature 

 Humidity 

 CO2 

 

And in order to do this mission, three methods can be to control indoor environment in the 

greenhouse: 

 natural ventilation 

 Fan ventilation 

 Shading 

 

Another method for cooling is Evaporative cooling. This method are very useful in the very 

hot outside condition with low humidity level to could both cool and increase the humidity 

level inside the greenhouse [15]. 

 

Natural ventilation: 

 

   Natural Ventilation is the simple way to receive fresh air and get rid of excess humidity and 

high temperature during warm season. In this method, outside air sucked in through side vents 

(roll-up sides) and warm air gets out through open roof. Vents can be controlled automatically 

or even connect to control system to regulate the range of incoming air. This system of 

ventilation is not that accurate and practically it is difficult to control the exact range of 
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temperature and humidity level inside the greenhouse. Outside condition has big effect on 

inside condition and it is not possible to only control one of temperature or humidity 

parameters in this way. Using this system in the Nordic cold winter season, means a lot of 

heat losses that needs energy to again raise the temperature to pleasant condition for plants 

[13]. The windward roof vent setting generates the highest ventilation rate (from 11 to 26 air 

exchange per hour) with efficient air cooling inside greenhouse and reasonable air velocity 

[17]. 

 

 

Fan ventilation 

 

   Fan ventilation system provides the best control for greenhouse cooling. Fans are installed 

on one end and the vents on another end of greenhouse, and it makes it to have a good airflow 

throughout the greenhouse. It is very essential to install the fans in the end compatible to wind 

direction to follow a natural wind pattern for best efficiency of fan & vent system. To follow 

this role can give up to 10% better result than converse installation. Propeller fans have good 

capacity of exhausting air against minimum statistic pressure, and are suitable for air 

circulation. 

   One of the biggest challenges for this system, is to select the suitable fan sizes to could 

support maximum required ventilation in the hot summer days. Greenhouse requires different 

exchange rate for different seasons and it makes it vital to have multi-speed fans for different 

conditions. Fans should be designed in the way that could support maximum capacity of 146 

– 183 m3/h per square meter of floor area for summer ventilation. For example for the 

greenhouse with the area of 10 * 30 meter, design m3/h can be found from Equation (2.7) 

[18]. 

Design m3/h = (length)*(width)*(146) or (183)                                                                    (2.7) 

                                                                  

A → 10 * 30 * 146 = 43800 m3/h 

B → 10 * 30 * 183 = 54900 m3/h  

For two fan installation: A = 2 of 22000 and B = 2 of 27500  
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   Fans should be able to provide 22000 or 27500 m3/h. For the B if one of fans selected with 

two-speed capability, ventilation system can provide 4 different exchange rate of 11000, 

22000, 33000 and maximum level of 44000 m3/h. This make the ventilation system suitable 

for better control of cooling and uniform environmental condition in the greenhouse, and 

vents must be designed to could provide apparent velocity of 12816 m/h or 130 cm2 of inlet 

opening for each 1700 m3/h of installed fan capacity [18].The total size of vents can be 

calculated by dividing the air capacity of fans to inlet design velocity. For example for the 

greenhouse area of 10 * 30:  

 

Without shade curtain: Area = 54900/12816 = 4.28 square meter  

With shade curtain: Area = 43800/12816 = 3.42 square meter 

 

   Greenhouse ventilation settings vary from cold to warm outside weather. Here comes some 

explanations about different ventilation rates for greenhouse. 

  

- Maximum ventilation 

   Maximum ventilation occur when inside temperature raise and maximum ventilation is 

needed to reduce inside air temperature. It happens in the hot and sunny days. The 

recommended air exchange rate about one air changes per minute [15]. 

 

- Minimum Ventilation 

   Minimum ventilation applied when temperature control is in the acceptable level, and only 

to limit humidity level inside the greenhouse. The recommended minimum air exchange rate 

is about one air changes per hour [15]. 

 

Shading 

 

   Shading system doesn’t actually cool the greenhouse, but by reducing solar radiation 

temperature will drop. In fact, it absorbs or reflects the incoming solar radiation before to 

reach to canopy of plants. There are three ways to do shading for the greenhouse [15]:  
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- Whitewash 

   Whitewash is the cheapest method to shade the greenhouse, but it needs lots of labor work 

to apply it and it means coloring the greenhouse in the summer time and recoloring it again 

for winter time. It can be considered as the least desirable way for shading of greenhouses. 

 

- Exterior shading 

   It costs a lot to shade greenhouse by this method, and mostly works manually, so it makes 

this system useless for large commercial greenhouses. 

 

- Shade cloth 

   Shade cloth is the most common method of shading, it can be facilitated automatically and 

give best and accurate control. By choosing the good material of curtains, it can be used even 

for night time as a thermal curtain. The material for curtain is made of coarse weave or non-

woven synthetics, and the shading value of 35 to 80% is possible. The automatic controlling 

system for shading can be even more costly than curtain itself. 

                                            

                  

                                                                                  

Horizontal air flow  

  

   In order to have a uniform indoor environment, there is a need of Horizontal air flow fans 

(HAF) to circulate air inside the greenhouse, otherwise it can lead to horizontal temperature 

gradient that means non-uniformity of temperature, carbon Dioxide and humidity in the 

greenhouse. This non-uniformity is not good for plants and it can cause lots of problems for 

plants, it means some plants grows faster and better than others on the other corner of 

greenhouse. Fan capacity can be calculated by greenhouse area and 5 m3/h per square meter 

of greenhouse floor area for optimal air stirring inside the greenhouse is recommended [18]. 

2.3.4  Greenhouse construction: 
 

   Greenhouse construction can be discussed for its style, Frame material, Glazing material, 

Flooring and base. Choosing good materials means less heat losses, good sun energy 

transmission which are important for energy balance of greenhouse.  
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2.3.4.1 Greenhouse Style 

 

   Greenhouses can be categorized to two types in terms of style Fig (2.1): 

 

 

 Free-standing                                               ●   Gutter-connected  

 

Figure 2:Different types of greenhouse 

 

 

Free-standing greenhouses 

 

   It is the common style for small-scale greenhouses less that 1000 m2. Free-standing 

greenhouse can have a gothic, Quonset or gable roof shape. This style has lots of advantages 

but on the other hand some disadvantages compared with gutter-connected one. Here comes 

some advantages of free-standing greenhouses [19]: 

 It is possible to start with one and add more when business grows. 

 Easy and suitable to have separate environments for each house, and it is possible to 

set different temperature and humidity level for each houses, because each one 

controlled by its own heating and cooling system. In the winter time, it can be shut 

down some of houses without of affecting the other houses. 

 Best style for heavy snowing regions, there is no need to melt snow on the roof 

 Is easier and less expensive to build 
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Gutter-Connected Greenhouse 

 

   Gutter-connected greenhouse is series of gothic or gable arched connected together. This 

greenhouse style is recommended for large-scale more than 2000 m2. Gutter-connected 

greenhouses are more costly that free-standing one in terms of construction cost but are less 

expensive in terms of energy losses. Here comes some advantages of gutter-connected 

greenhouses [19]: 

 Has smaller surface area to floor area ration, and it means less heat losses which can 

reach to up to 25% saving on energy consumption. 

 Less land is required for the same growing space compared to free-standing one. 

 With the automatic and moving trays and bench, labor costs decrease remarkably.  

 Suitable and easy to centralize heating, cooling and controlling system for the 

greenhouse 

 

2.3.4.2 Frame material 

 

   Four types of glazing materials are available and each has its own advantages. Here comes 

some description for each type [20]:  

 

Plastic or PVC 

 

   Inexpensive, easy to assemble, easy to move or increase. But all depends to location of 

greenhouse, and this type of frame is not suitable for windy and heavy snowing regions and 

are not compatible with all glazing materials.  

 

Aluminum 

 

   The biggest advantage of aluminum is that it doesn’t rust and it makes it suitable for humid 

condition. It can withstand extreme weather, is easy to assemble and is compatible with 

variety of glazing materials like; plastic, glass, and polycarbonate. 



32 
 

Wood 

 

   Wood is best compatible when combined with glass as a glazing material. It has a plus 

advantage of absorbing and saving heat during day time and releasing it during night time. 

Wood absorb moist and it cause to rot faster, so is not recommended for high humid climates.  

 

Galvanized Steel 

 

   Is the most expensive choice. It can be used, if extreme strong greenhouse is needed. 

 

 

2.3.4.3 Glazing material 

 

   Choice of glazing depends on the greenhouse style and economy. Using more layers of 

glazing material reduce heat losses, but in turn reduce the amount of sun energy transmitted 

into the plants and it effect the growth of plants. Glass is the material with good sun 

transmission rage, but to use multi-layer glass needs large capital cost. There must be a 

balance between thermal resistance and light transmittance. Common materials for 

greenhouse are [13]: 

 

 

 Glass 

 Fiberglass 

 Polyethylene 

 Polycarbonate 

 Acrylic 

 

 

 

   Here comes some hints about glazing materials: 
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 These materials can be used single or multi-layer, which using double-layer glazing 

material becomes more and more popular.  

 Poly materials are cheap and light to have a lower-cost structure.  

 All the single-layered material has transmittance of around 90% and the second layer 

decrease it by 10% to around 80%.  

 With doubling the glazing material, u-value can be improved by 2.5 to 4.5 W/m℃.  

 Another important thing is their life span, shorter life means UV radiation degrades 

material, and it must be replaced.  

 If multi-layer material used, so the space between layers must be inflated to reduce 

losses, and it can be accomplished with a small electrical blower.  

 

 

2.3.4.4 Flooring or Base 

 

   Floor must be free draining, so if solid floor wants to be based it must be places for 

drainage. If slap is solid without drainage, collecting water on the floor can happen and in the 

winter it changes to solid ice, which is too slippery to work. Good insulation is required for 

the cold climate and it is recommended to use weed control mat below the floor. 

2.3.5  Energy conservation: 
 

   New greenhouse designs, multi-layer glazing material, sustainable heating and cooling and 

new controlling systems should be taken into account for energy conservation. Most of the 

energy consumption goes for heating and cooling in the greenhouse, so any try to decrease the 

required energy is matter for greenhouse economy. Here comes some factors that are 

important for energy conservation in greenhouse [21]: 

 

 

2.3.5.1 Reduce Air Leaks 

 

   To have a good control on greenhouse air exchange rate and to have a tight greenhouse, it is 

important to cover all the leakages in the greenhouses, and repair all broken glazing materials. 
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2.3.5.2 Use of double versus single layer glazing 

 

Double layer glazing with insulating layer of air between glazings can reduce heat losses by 

up to 40% compared to single layer glazing. Using triple layered glazing or more cut heat loss 

remarkably, but by the way it reduces solar transmission into greenhouse which is not 

recommended to use.  

 

 

2.3.5.3 Energy Conserving Blanket 

 

   By installing the thermal blanket, energy losses can be reduced up to 50% at nights and 

using the shade curtains on hot summer days can save energy consumption for cooling. 

Thermal curtains are fabrics that are available in several materials which are made especially 

for greenhouse; nonporous, semi porous and porous. Payback is considered to be between one 

to two years. By using curtain inside the greenhouse and exactly above the plants, the 

temperature controlled space will be smaller, and it means smaller area to control [22]. 

 

 

Figure 3: Thermal blanket for greenhouse 

 

 

2.3.5.4 Space Utilization 

 

   Space utilization means better use of space for cultivation. By using peninsular or movable 

benches, space utilization can be increased up to 90%. Other techniques are using of hanging 

baskets on overhead rails, floor-planting, wall planting to use space as much possible [13]. 
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Figure 4: Space utilization 

 

2.3.5.5 Windbreaks to save on heating 

 

   Windbreaks can cut heat losses up to 10%, by the way they reduce risk of wind damage to 

structures and act as snow fence. The heat requirement doubles when wind speed increases 

from 0 to 15 mph. Wind break can be a row of trees in the wind direction to greenhouse with 

the distance by around 4 to 6 times of greenhouse height. 

 

 

2.3.5.6 Efficient Heating System 

 

   Using floor or under-bench heating is more effective than overhead heating. Finding new 

energy sources and using sustainable energy are recommended.  

 

2.3.5.7 Efficient Cooling System 

 

   To build a greenhouse with open-roof ventilation system and roll-up side walls, eliminate 

the need for fans. Using shading on summer days can reduce the need for mechanical cooling. 
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2.3.5.8 Water Systems 

   

 It means, using new technologies for irrigation and using controlled irrigation systems to 

reduce the amount of required water and labor need for irrigation. 

 

2.3.5.9 Greenhouse orientation 

 

   In the northern latitudes single bay greenhouses can be oriented east-west to maximize light 

transmission into greenhouse in the late fall, winter and early spring. For gutter-connected 

greenhouses the orientation is usually north- south. 

2.3.5.10 Equipment operation and maintenance 

 

   Maintenance of all equipment must be done regularly that they operate at peak efficiency. 

Regular inspection of all installation is recommended in the greenhouse. 

 

 

2.3.6  Lighting: 
 

   Light consist of three dimensions, plants need light for photosynthesis, stem extension and 

flowering. Each plant needs intensity, distribution and photoperiodic of light to grow. Light 

quantity (intensity) is important for photosynthesis, light quality (distribution) for stem 

extension and light duration (photoperiod) for flowering [23]. 

 

    

 

 

 

 

 
Figure 5: Three dimensions of lighting for plants 

Light quantity (Intensity) Photosynthesis 

Light quality (Distribution) 
Stem extension 

Light duration (Photoperiod) 
Flowering 
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These properties are different for each plants, and they have different needs for better growth. 

Plants receive light energy from sun, but sometimes when sun radiation is limited especially 

in countries like Sweden in the winter time, using assimilated lighting is vital for plants 

growth. For understanding of plants need for lighting, DLI must be explained. 

 

2.3.6.1 DLI 

 

   DLI (Daily Light Integral) is used to describe the quantity of light radiation that plant 

receive and defined as cumulative number of photons of photosynthetic light delivered to a 

plant canopy each day. This number is given as mole per day or mole/m2day. Measures 

shows that only 35 to 70% of light outside the greenhouse reach to plants canopies. By 

measuring this number for greenhouse and by knowing the amount of light which plant needs, 

it is possible to calculate the amount of assimilated lighting for greenhouse [24]. 

 

 

 

2.3.6.2 Assimilated lighting:  

 

   There are several types of lamps which used for greenhouse lighting; Incandescent, 

Spotlights, Fluorescent, High-Intensity Discharge (HID) and LED. Each type has its own 

qualifications. There are some parameters that should be considered to choose lamps [25]:  

 

• Lamp efficiency 

• life span, intensity 

• spectral quality 

• cost 

• electrical requirements  

 

   Here comes some description about different types of lamps [14]:  
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Incandescent 

 

   Only 15% of energy transferred to light and the rest goes out as heat energy. This lamp 

radiates in the range of 400 – 700 nm.   

 

 

 Spotlights 

 

   This lamps are better than incandescent lamps, but they deliver point source type of 

illumination which make them less effective than other types. 

 

 

Fluorescent 

 

   This lamp produce linear light energy which give more uniform and effective lighting than 

previous types. Fluorescent bulb are available from 28 – 225 watts, they have much longer 

lifespan, run cooler which make them possible to operate well in warm environment. By 

decreasing the lamp wall temperature the effectiveness drop up to 50%. This type of lamps are 

rarely used for commercial greenhouse lighting. 

 

 

High-Intensity Discharge (HID) 

 

   These lamps offer very good light quality than others. They have very high energy efficiency 

and has up to 30% less energy consumption than previous lamps. The main factor to consider 

about these lamps are their high investment cost compared to others. HID lamps are available 

in two major types; high pressure sodium (HPS) and metal halide (MH) lamps. HPS is the most 

popular lighting for commercial greenhouses. They are the most effective lamps in conversion 

of watt to lumens. These lamps are available from 150 – 1000 watts.     

 

 

LED 

 

   These lamps have the longest lifespan compared to others, best efficiency to convert watts 

to lumens and lowest energy consumption. But they are too expensive compared to HID 
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lamps and new in the market for greenhouse lighting. They have used for some experimental 

greenhouses, and results are better than HID lamps, and it seems that they will be used more 

and more in the future. 

 

 

 

 

2.3.7  Control system: 
 

2.3.7.1 Definition 

 

   Greenhouse Indoor environment affects by outdoor environment. Controlling system is 

required to control CO2 level, lighting, temperature and humidity level inside the greenhouse 

for better cultivation. This can be accomplished by very simple system like thermostat and 

timers or very sophisticated system of unit computer controlling system. A control system for 

greenhouse can control [26]:   

 

 

 Temperature Control(heating & cooling) 

 Air Exchange & Air Circulation  

 Humidity Management  

 Boiler System Management 

 Shade Curtain systems 

 Lighting Control (artificial lighting and blackout) 

 CO2 Management (monitoring and injection) 

 Irrigation (pumping, capacity, valves) 

 Chemical Treatment 

 Nutrient Management (fertilization injection/mixing) 

 Water Supply and Storage Systems 

 Heat Storage Systems 

 Co-Generation Systems 
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2.3.7.2 Types of Control Equipment 

 

   Nowadays by using high developed technologies and sensors, it is almost possible to control 

all required parameters for a greenhouse environment, and it means less labor need and saving 

on greenhouses biggest cost. There are generally four types of greenhouse controlling systems 

for commercial greenhouse, but like other parts economy and investment costs can affect the 

choice of controlling system for the greenhouse. These four types are as follows [26]: 

 Thermostats and timers 

 Analogue “step” Controllers 

 Computer Zone Controllers 

 Integrated Computer Controls 

 

2.3.7.3 Sensors: 

 

   Sensors uses in all controlling systems and it must be considered that the accuracy of 

control system, all is limited to responsiveness and accuracy of sensors. Sensors are available 

to control these parameters for a greenhouse [26]: 

 

 Temperature 

- Air Temperature 

- Soil temperature 

- Pipe Temperature 

- Irrigation Water Temperature 

 Humidity 

- Capacitive 

- Resistive 

- wet/dry bulb 

 Light 

- Global radiation (most common for greenhouses) 

- PAR(Photo synthetically Active Radiation) appropriate for use in researches 

- photometric 
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 CO2 

 Wind Speed & Direction 

 Precipitation 

 Irrigation 

 Nutrition 

 Power Management 

 

 

 

 

2.3.8  Irrigation 
 

2.3.8.1 Definition 

    

   Plants need water for photosynthesis. Their need for water can vary depend on humidity 

level, temperature and CO2 level in the greenhouse, so an automated irrigation control system 

has significant benefits for grower. It is understood that irrigation is the most difficult part for 

grower to control daily irrigation decisions. Using automated controlling showed reduction on 

water and fertilizer usage, less diseases, better growth and less labor work.  

 

2.3.8.2 Irrigation systems: 

 

   There are several systems to irrigate plants and depend on type of planting and heating 

system, different irrigation system can be installed. Here comes five common types of 

irrigation for greenhouse [27]: 

 Drip irrigation 

 Water Trays and Saucers 

 Sub-irrigation ( zero runoff ) 

 Ebb and flood benches and movable trays 

 Flood floor 
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Drip Irrigation 

 

   Drip irrigation is a valued tool for accurate growing. It also saves labor and water, and 

extremely reduces the potential for groundwater pollution. 

 

 

Water Trays and Saucers 

 

   Water is collected under the container on the collection trays or saucers Water trays and 

saucers. 

 

Sub irrigation (zero runoff): 

 

   This system is known as seepage irrigation. In this method of irrigation, water is delivered 

to the plant root zone from below the soil surface and absorbs upwards. 

 

Ebb and flood benches and movable trays: 

 

   In this method wide watertight benches and water-tight movable trays are used which 

contain the nutrient solution. The material for benches are usually of plastic or fiberglass, 

which are installed precisely to maintain a uniform depth of liquid. 

They can be facilitated as either fixed or movable depending on the crops. Channels in the 

bottom of the bench allow the water to distribute and drain water ultimately. 

 

 

Flood floor: 

 

   Flooded floor works on the same principle & equipment as ebb and flow benches. A 

watertight concrete layered for the floor surface and it supposed to be as smooth as possible to 

avoid pockets. It must be installed with the slope for water draining. Plastic pipes with holes 

are usually applied in the concrete floor to supply the irrigation for plants. This method is very 

simple and need very low maintenance. This method can be mixed with heated ebbs heating 

system for best function. 
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2.3.8.3 Irrigation Decision Making: 

 

    As it mentioned, irrigation system is one of most critical parts for greenhouse and accurate 

amount of watering for plants is vital to achieve the best results. Decision can be 

accomplished manually or automatically, here comes some methods, which can be used for 

irrigation of greenhouses [26]: 

 

Manual 

 

   Grower decide when to irrigate and uses controlling system to apply decision for timing the 

pumps and sequencing valves. 

 

Time 

 

   This irrigation method is based on time. Therefore irrigation is done during determined 

periods of the day. The only problem with this method is that most plants don’t take up water 

based on the time on the clock. 

 

Accumulated Light 

 

   This method based on lighting and sensors measure the total energy input receives from sun 

and start to irrigate when certain amount of light has accumulated. This system require 

computer controlling system to implement. 

 

Evapo-transpiration Model 

 

   This method works as previous one, but uses measurements from humidity level and 

temperature as well to calculate the rate of transpiration of plants and uptake ability of the 

plant and totally their water needs. This method is completely sophisticated and the most 

accurate way to measure the precise irrigation requirements, which needs computer 

controlling system. 
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Vapor Pressure Deficit (VPD) 

 

    This method based on two sensors which send measurement of temperature and humidity 

level inside the greenhouse, and system uses this feedback to determine when vapor pressure 

deficit occur between plant leafs and surrounding air. Watering is based on plants ability to 

transpire. 

 

Sensor feed back 

 

   This system based on sensor technology to determine the water need of plants. The method 

can uses lots of sensors in the same time and manage watering. 

 

Capacity Management 

 

  This method based on the pressure and water volume which is available on water tank 

storage. 

 

 

 

2.3.9 Carbon Dioxide assimilation: 
 

 

2.3.9.1 Definition 

    

   Carbon dioxide (CO2) is an essential factor for photosynthesis (carbon assimilation). 

Photosynthesis is a chemical process that uses light energy to convert water and CO2 into 

sugar in green plants, these sugars are then used for growth on plant by respiration. The 

difference between the rate of respiration and rate of photosynthesis is the basis for growth in 

the plant. Carbon dioxide is present in the air, but it reduces on photosynthesis process, so 

compensation of lack of carbon dioxide inside the greenhouse, can be achieved either by good 



45 
 

ventilation to bring fresh air into the greenhouse or carbon dioxide assimilation. The normal 

level of carbon dioxide level in the air is around 350-400 ppm. An average consumption level 

for plants is estimated to be between 0.12–0.24 kg/hr/100 m2, but it totally depends on light 

level and water uptake ability of plants and it varies for different plants and which level of 

growth plants have. It means plants needs different level of CO2 assimilation when they are 

germinating than flowering. Increased CO2 level will shorten the growing period, improve the 

crop quality, increase yield and leafs size and thickness [28]. 

 

 

2.3.9.2 When to supplement with carbon dioxide: 

 

   As it discussed before, plants needs different level of CO2 concentration. For most plants the 

ideal CO2 concentration level are between 1000 to 1300 ppm, but for example the lower level 

of 800-1000 ppm are recommended for raising seedling (tomato, cucumber, pepper and 

lettuce production), even lower level of 500-800 are suitable for African violets and some 

Gerbera varieties. Generally carbon dioxide supplementation of 1000 ppm is recommended 

during the day when vents are closed, but when vents are open by 10%, CO2 supplementation 

shall be shut off or try to maintain the level of 400–600 ppm inside the greenhouse. CO2 

assimilation is costly, so it must be balance between cost and improvement of growth. One 

way to have effective supplementation is to set it by light level. There are some strategies that 

can be helpful to get better results of CO2 assimilation, for example on sunny days when vents 

are closed, supplement with 1000 ppm is recommended, while on cloudy days when the light 

level is below 40 watts/m2 supplement with only 400 ppm CO2 is enough. However, most 

flowers grow by supplement with 1000 ppm regardless of light levels. The computer control 

system can measure the level of CO2. Supplementation may be started approximately 1 hour 

before sunrise and shut off 1 hour before sunset, also CO2 supplementation is highly 

recommended when supplemental lighting is used at night [28]. 

 

   Carbon dioxide assimilation into the greenhouse and on the plants canopies can be 

accomplished by using liquid or gas form of carbon dioxide. Carbon dioxide on gas 

form can be distributed from the storage tank via polyethylene tubes inside the 

greenhouse and on the suitable height for plants or as a liquid form can be mixed in 



46 
 

water for irrigation system and absorbs by the root of plants. There is another source of 

CO2, and it is CO2 which is present in exhaust gases from the industries. Exhaust gases 

contain large amount of CO2 that can be used for carbon assimilation. Furnaces that 

burn natural gas and propone as a fuel give almost pure CO2 on exhaust, but if sulphur 

is present in the gas or combustion is faulty, toxic products can be available on the 

exhaust and it can be dangerous for plants. The maximum safe limitation for toxic gases 

concentration are 0.05 ppm for ethylene, 0.1 to 0.4 ppm for sulphur and 50 ppm for 

carbon monoxide. Table (2.3) shows critical and long-term limitation for toxic gases 

[29]. 

 

 

gas Critical level Long-term level 

NO 1 0.25 

NO2 0.6 0.1 

C2H4 0.05 0.02 

CO --- --- 

O3 100 28 

SO2 70 15 

            Table 2.3: Sensitivities of plants for different toxic gases  

 

 

There is limit even for CO2 concentration in the air, and if it exceeds that level it can be 

dangerous for both humans and plants. The levels of 5000 ppm can cause lack of coordination 

for humans. Higher than recommended levels, can also cause necrosis of old leaves and fruits 

[28]. 

 

 

2.3.9.3 𝐂𝐎𝟐 control: 

 

   CO2 concentration level in the greenhouse should be controlled by CO2 sensors. Each zone 

must be facilitated by its one sensor and control system can even measure CO2 injection from 

boiler stacks, CO2 burners, or liquid CO2 tanks based on light and temperature. 
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2.3.9.4 How much CO2 supplementation is needed? 

 

   In practice, it is almost impossible to calculate the precise amount of CO2 consumption for 

plants, however average requirements are available in some tables and can be calculated by 

some formulas. An average consumption level of 0.12–0.24 kg/hr/100 m2 is required [28]. 

 

The amount of CO2 consumption for the plants in greenhouse can be calculated by equation 

(2.8) [29]: 

 

Required CO2 (kg) = V * E * A * 
1.89

1000000
                                                                            (2.8) 

 

Where  

 

- V: volume of greenhouse (m3) 

- E: desired level of CO2 concentration inside the greenhouse (PPM) 

- A: number of air exchange per hour (1/h) 

 

Example of calculation will come in process and result part. 

 

 

 

2.3.10  Crops: 
 

   To have an economically profitable greenhouse, it is needed to grow plants with much 

higher value per unit that outdoor (non-temperature controlled) products to ensure so-called 

return per unit area. 

   So to select which plant must be cultured is very important for greenhouse economy and 

there are a lot of factors that must be considered before crop selection. Here comes some 

important factors, which can be helpful for better selection; 
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 high productivity per unit area 

 good demand on market 

 no competitor or ability to compete on market 

 least labor work, highest products 

   Generally, crops with highest value and market are recommended to grow to could cover all 

expenditures and extra for profit [30]. 

 

 

 

 

 

 

 

2.4 Energy Balance for Greenhouse 
 

 

   In order to write energy balance for a greenhouse, all the heat losses and heat generations 

must be calculated. By knowing the energy balance for greenhouse, it is possible to calculate 

the required supplemental energy for heating. Heat can be lost through transmission, 

ventilation or infiltration, and greenhouse receive heat via sun energy, supplemental lighting, 

heat generation by people and finally supplemental heat energy [29]. 

 

 

Energy losses = Transmission + Ventilation + Infiltration 

Energy losses = solar energy + supplement heat energy + lighting waste heat + Heat generation from people 
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2.4.1 Average heat transfer coefficient 
 

   Average heat transfer coefficient (Umean) must be calculated for the house to could calculate 

heat losses. U-mean is the average heat transfer through house and defines in W/𝑚2.°𝐾 

Equation (2.9) shows how U-mean is calculated for a house. 

 

 

Um =
(∑ Ui ∗ Ai+∑ lk ∗ ψk )∗1.15

Aom
                                                              (2.9) 

 

Where: 

- Um: average heat transfer coefficient 

- ∑ 𝑈𝑖 ∗  𝐴𝑖: is sum of heat transfer in different external parts of building (W/°K) 

- l: length of thermal bridge (m) (always measured inside of building)  

- : Heat transfer coefficient of thermal bridge (W/m°K) 

- Aom: Total surface area of the enclosing parts of the building in contact with heated 

indoor air (m2) 

 

 

 

2.4.2  Energy losses 
 

 

2.4.2.1 Transmission losses (Qt) 

 

Transmission losses occur through greenhouse material, and it depends to materials heat 

transfer coefficient, area and temperature difference between inside and outside. It can be 

calculated from equation (2.10). 

 QT = Um ∗  Aom ∗ ΔT                                                                                                           (2.10)         
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Where: 

- Um: Average heat transfer coefficient (W/𝑚2.°𝐾) 

- Aom: Total surface area of the enclosing parts of the building in contact with heated 

indoor air (𝑚2) 

- ΔT: Temperature difference (℃) 

 

 

2.4.2.2 Ventilation losses (Qv) 

 

Ventilation losses is the losses due to air exchange in the greenhouse and it depends to mass 

of air which exchanged and temperature difference. Equation (2.11) shows how it can be 

calculated. 

 

Qv = Cair ∗ 𝑚 ∗  𝜌air ∗ ΔT                                                                                                   (2.11) 

Where: 

- Qv: Ventilation losses (W) 

- Cair: Specific heat capacity of air (J/kg.℃) 

- 𝑚: Mass flow of warm air ventilated out (kg) 

- 𝜌air: Density of air (kg/m3) 

- ΔT: Temperature difference (℃) 

 

 

2.4.2.3 Infiltration loss, Qi 

 

Air infiltration is expressed in volume air exchanges per hour. Air infiltration is a function of 

wind speed and duration. Firstly, house leakage must be calculated from Equation (2.12). 

 

QN = Q50 [
∆PN+∆PV

∆PP
]

n
                                                                                                    (2.12) 



51 
 

Where: 

- QN: normal leakage in (l/s,m2) 

- Q50: leakage at leakage test 

- ΔPN: pressure difference due to stack effect (Pa) 

- ΔPV: pressure difference due to wind (Pa) 

- ΔPP: pressure difference at leakage test (normally 50 Pa) 

- n:  exponent, approximately 0.67 

 

ΔPV can be calculated by Equation (2.13): 

ΔPV = CP 
1

2
ρ [VREF (

z

zREF
)

1/7

]
2

                                                                                  (2.13) 

 

Where: 

- Vref: is the wind velocity at Zref  

- Zref: normally 10 m 

- Z: is the building height above ground (m) 

- Cp: is a constant = 0.7 

 

 

So Q𝑁  can be calculated by Equation (2.14). 

 

→ QN = Q50 [
(ρV− ρI )gH+∆PV

4∆PP
]

0.67

                                                                               (2.14) 

 

Where: 

- Q50: leakage at leakage test 

- 𝜌𝑉: Outdoor air density (kg/𝑚3) 

- 𝜌𝐼: Outdoor air density (kg/𝑚3) 
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- g: 9.81 m/𝑠2 

- H: Building height (m) 

- ΔPV: pressure difference due to wind (Pa) 

- ΔPP: pressure difference at leakage test (normally 50 Pa) 

 

Then,  qN ∗  Aom gives the amount of air leakage per second (m3/s) 

And finally Qi is calculated by Equation (2.15).  

 

Qi =  qN ∗  Aom ∗ Cair ∗  𝜌air ∗ ΔT                                                                                               (2.15) 

 

 

 

2.4.3  Heat generation from people 
 

   Heat generation from people can be calculated by Equation (2.16). 

 

Qperson = 80 ∗ n ∗ t ∗ 365 ∗ 8/12                                                                                               (2.16) 

 

Where: 

- 80: each person emits 80 watts  

- n: number of people who work in greenhouse 

- t: number of hours which people work in greenhouse 

- 365: days a year 

- 8/12: benefit of heat during the heating season 
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2.4.4  Solar Energy: 
 

   Sun energy transmit into the greenhouse and give a lot of energy to the plants, but less than 

10 % of this energy are used for photosynthesis on plants and the rest wasted as a heat energy 

which can be useful to partly support greenhouse heat energy requirements. This heat is not 

always in favor of required heat energy, and in the summer days, shading blankets are used to 

even block sun energy from radiation into the greenhouse in order to prevent overheating 

problem in the greenhouse. So, the amount of this energy which Contributes to heat up the 

greenhouse must be calculated for energy balance which is explained in the process and result 

part [31]. And it can be vice versa in the winter time and especially for greenhouses in the 

Nordic country because of limited hours of sun during the day, but new studies show that 

using glass covered extensions in buildings can increase ground irradiance [32]. 

 

 

 

 

 

2.5  Economy 
 

 

2.5.1  Definition 
    

 

   Economy and financing of greenhouse is the most important factor to could run the 

greenhouse and make profit of it.  Labor, energy, plant material are three main costs for 

greenhouse, so the profit from products shall be cover this annual costs, otherwise there is no 

sense to run greenhouse. Labor considered to be around 60 percent of expenditure for a 

greenhouse in Sweden, energy around 30% and materials and other costs cover 10% of 

expenditures. Nowadays, by using controlling and automated technologies and systems, the 

need for labor decreases remarkably which reduce labor cost, in spite increase the investment 

and maintenance costs [33].  
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Economy for a greenhouse can be investigated from several aspects, first of all greenhouse 

economy like any other project can be divided into capital costs and annual expenditures. 

Greenhouse is economically profitable, when profit of sale cover all annual expenditures and 

even extra to pay back the investment cost, so Break-even policy cannot be a good idea for a 

greenhouse which is not exist and plans to build. For projects like greenhouse it is too 

important to calculate the pay-off time, and it means the time when greenhouse could pay all 

the investment cost back, while cover all the annual expenditure. 

 

 

2.5.2  Capital costs: 
 

   A wide variety of greenhouse designs, frames, glazing material, construction, energy system 

and production methods are available, which this decisions at the beginning will impact 

energy consumption and yield quantity and quality. A greenhouse which is expensive to build 

can give better economy by reducing the energy consumption and increasing the yield. 

Depend on where greenhouse wants to build and which type of crops wants to be cultured, 

different greenhouse types can be selected. In the Nordic countries heating costs are much 

higher than other Europe countries, so to grow year around needs well insulated greenhouse, 

or it can be operate seasonal during warm period of year. In this project calculations will be 

done for yearly around greenhouse with good insulation suitable for Nordic countries.  

 

The major costs to build a greenhouse are as follows: 

 Site Preparation and flooring 

 Structure and construction cost 

 Heating/Cooling Equipment 

 Controlling system 

 Irrigation System 

 Nutrient System 

 planting System 
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It is very obvious that costly systems have better operation, but how costly is acceptable and 

economically reasonable to build a greenhouse. Our project vary only on heating system with 

other types, so it will be the same costs except heating part.  

 

 

2.5.3  Annual costs 
 

Annual costs must be calculated in order to could determine the pay-off time. There is some 

fixed expenditure and some variable costs for greenhouse. The main variable cost for a 

greenhouse is repair and maintenance which can happen at any time. Annual cost depend a lot 

to planting crops and greenhouse tightness, because three major costs for greenhouse are 

labor, energy and plant material. Here comes all annual costs for a greenhouse: 

 

 Labor 

 Energy 

 Plant material 

 Nutrient material 

 Maintenance 

 Packing 

 Transportation 

 Selling costs 

 Bills & insurances 

 

Labor is the biggest cost for a greenhouse which is around 40 percent of whole the annual 

costs, thereafter comes energy with around 30 percent of total costs and plant material, 

transport and packing cover around 15 percent of annual costs [5]. 
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2.5.3.1  Labor: 

 

   It varies a lot by greenhouse controlling system, planting method, size of greenhouse and 

other factors. By 2007, it cost almost 200 kr per hour per person for grower. 

 

 

2.5.3.2 Energy: 

 

   Energy is the second largest cost for greenhouse, it varies from south in Skåne to north by 

up to 12% less energy consumption in south, which by looking to the location of existed 

greenhouses in Sweden, makes sense that more than 80% of greenhouses are located in south 

part of Sweden. Around one third of energy consumption go for ventilation and two third for 

heating, so by energy conservation and using new technologies for more effective energy 

system, it is possible to decrease the expenditures for greenhouse. 

 

 

2.5.3.3 Plant material: 

 

   Planting material costs for greenhouse and prices are different for each plants. 

 Other main expenditures are Fertilizer, bills, packing, transport, selling costs, administrative 

costs, maintenance, depreciation and so on … 

 

 

Result 

 

   All costs shall be reckoned for a year to find out annual cost for greenhouse, there is another 

way to evaluate the results that called Break-even in economy, which means cost and revenue 

are equal. So by calculating the costs, it can be calculated that how much shall be sold one kg 

of product to achieve break-even for greenhouse. 
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 Process and Result: 
 

 

 

• Waste heat 

• Energy Balance 

- Average Heat Transfer Coefficient 

- Ground Temperature 

- Annual Energy Losses 

- Heat Generation from people 

- Operational Electricity 

- Sun Energy 

- Peak Power Demand 

• Carbon Dioxide Assimilation 

• Economy 
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3.1 Waste heat 
 

3.1.1 How much energy is available in waste heat? 
 

In order to understand and calculate this amount, some properties of waste energy must be 

available to could calculate its enthalpy. As it discussed before in the theory part, there are 

some other ways to calculate the stored energy on waste heat, but the easiest way is to 

measure the temperature and mass flow of waste heat either in gas or hot water form. By 

knowing the temperature and mass flow and form of waste heat, the energy stored on it can be 

calculated; 

As an example, waste heat from Sorption Company in Hofors will be measured and it will be 

used for process and result part as a sample waste heat source from company. 

 

Sorption: 

They produce Cat and small animal bedding with pellets. Pellets made from pure paper fiber 

with no additives. 

Texhaust: 30 ℃ 

M: 4.08 m3/s 

Material: air 

Pressure: ambient pressure 
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The sensible heat of exhaust gas can be calculated by this equation: 

 

Sensible heat = M * Cp * (T exhaust – T ambient) 

Where: 

• M = 4.08 kg/s 

• Cp = 1.005 kJ/kg°𝐾 

• Texhaust = 30 ℃ 

• Tambient = 15 ℃ 

 

So → Sensible heat = 4.08 * 1005 * (30 – 15) = 61506 W = 61.506 kW  

 

If flue gas cools under its dew point in the process, causing the latent heat to be released 

And the latent heat energy can be calculated by  

 

Latent heat = M * L * ΔW  

Where: 

• M = 4.08 kg/s 

• Lf or h = 2429.8 kJ/kg for water by 30 ℃ 

 

By knowing the temperature and relative humidity of gas, it is possible to find the amount of 

water content for exhaust gas from Psychometric chart for gases. 

RH1= 100%, W1 = 0.0275, and when it cools down to the temperature of 15℃ → W2 = 

0.0117, RH2= 100% 

Then → ΔW = W1 – W2 = 0.0158 kg water/kg air 
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Figure 6: Psychrometric Chart 

 

So → Latent heat = 4.08 * 2429.8 * 0.0158 = 156.63 kW 

 

The total energy available in exhaust gas will be the sum of sensible and latent heat for 

exhaust gas. 

Total heat = sensible + latent = 61.628 + 156.63 = 218.26 kW 

 

This is the whole energy stored in exhaust gas, but it is clear that even with the best heat 

exchangers, it is impossible to exchange whole amount of waste heat because of 

thermodynamics limitations. 

After calculation of amount of waste energy, it is possible to calculate the maximum area that 

waste energy can support. But to calculate the area, energy balance should be simulated for 

greenhouse to know how much energy the greenhouse requires per square meter and then 

calculate peak power for greenhouse.  
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3.2 Energy balance for greenhouse 
 

 

   In order to calculate the potential size of a greenhouse which can be supported by the given 

waste heat, the energy balance of the greenhouse must be understood. First of all mean U-

value shall be calculated for the greenhouse; 

 

 

Um =
(∑ Ui ∗ Ai+∑ lk ∗ ψk )

Aom
      

 

As an example, 300 m2 Quonset greenhouse with double layer Polycarbonate glazing and 

location in Hofors has been calculated for energy balance section, here comes some data 

about greenhouse: 

 

Aom: Total surface area of the enclosing parts of the building in contact with heated indoor 

air  

Atemp: surface area of building which need heating. 

Um: average heat transfer coefficient 

 

 

Area (m2) 30 * 10 

Height (m) 3 

Aom (m2) 735.1 

Atemp (m2) 300 

Vol (m3) 706.5 

Table 3.1: Greenhouse properties 
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Figure 7: Quonset greenhouse 

 

 

U-value calculation, more detailed calculation are available on Appendix 1. 

 

  Area (m2) 
U-value 

(W/m2.K) 
U*A (W/K) 

Outside wall 
47.1 3.2 150.7 

388 3.2 1241.6 

Floor 300 0.32 97.4 

thermal bridge - - 24.0 

Table 3.2: U-value calculations 

 

 

∑ Ui ∗  Ai = Uwalls ∗  Awalls + Uroof ∗  Aroof + Ufloor ∗  Afloor 

= 3.2 * 435.1 + 0.32 * 300 = 1489.72 W/K 

 

∑ lk ∗  ψk = sum of linear thermal bridges. Thermal bridges exists between floor and 

outside wall, outside wall and roof, outside wall and outside wall, around windows and doors. 

l = length of thermal bridge (m) (always measured inside of building)  

 = heat transfer coefficient of thermal bridge (W/m K) 

According to IDA software, thermal bridge for floor and outside wall are as follows: 
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Quality good typical poor Very poor 

 = 0.08 0.14 0.3 0.8 

Table 3.3: Thermal bridge for floor and outside wall 

∑ lk ∗  ψk =  80 * 0.3 = 24 W/K 

 

 

3.2.1 Average heat transfer coefficient  
 

The average heat transfer coefficient can be calculated as follow: 

Umean =  
(∑ U ∙A + (ψ∙L))

Aom
=  

  (1489.72+24 )   

735.1
 =  2.059 

W

m2°K
  

 

3.2.2 Peak power demand: 
 

 

   Waste heat stream for greenhouse shall be able to support power demand for greenhouse in 

cold winter condition and in order to find out the maximum power demand for greenhouse, all 

energy losses must be calculated in the coldest time in winter to could result the peak power 

demand for greenhouse: 

 

3.2.2.1 Transmission losses, Qt 

 

Peak transmission loss is calculated by:  

QT = Umean ∗  Aom ∗ ΔT 

Where  

Um = 2.059  
W

m2°K
 

Aom: 735.1 m2 

ΔT= 15 – DVUT ℃ 
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During the night time, the indoor temperature supposed to be more than 15℃ and for the 

outdoor temperature, DVUT for Hofors calculated to -23℃ 

 

QT = Umean ∗  Aom ∗ ΔT =  2.059 ∗ 735.1 ∗ (15 − (−23)) = 57515.7 W = 57.5 kW  

 

 

 

3.2.2.2 Ventilation loss, Qv 

 

   In order to calculate the ventilation losses from greenhouse, air exchange rate is needed. For 

the night time in winters, minimum exchange rate is selected, which is equal to 1 per hour. 

 

Ventilation losses can be calculated as follow: 

 

Qv = Cair ∗ 𝑚 ∗  𝜌air ∗ ∆T 

Cair = 1007 J/kg°K 

ρair: (density of air at 15 ℃) = 1.22 kg/𝑚3 

∆T = 38 ℃ 

V= 706.5 m3 

n= 1/h 

Minimum ventilation rate for 300 m2 greenhouse → 1* 706.5 = 706.5 m3/h 

= 0.196 m3/s 

 

→ Qv = 1007 * 0.196 * 1.22 * (38) = 9150 W = 9.16 kW 
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3.2.2.3 Infiltration loss, Qi 

    

   In order to calculate the infiltration losses for greenhouse, air tightness of house must be 

calculated;  

 

qN =  q50 (
(ρU −  ρI)gH +  ∆pv

4∆pp
)

0.67

 

Where 

    ρu = air density outside (-23℃) = 1.41 kg/m3 

    ρi = air density inside (15℃) = 1.22 kg/m3 

    g = 9,81 m/s2  

    H = Building height = Z =3 m 

    q50: for house with mechanical exhaust assumes to 1.3 L/s.m2 

    vref = 3 m/s 

    Aom = 735.1 m2  

 

The wind part is: 

∆pV =  Cp
1

2
 ρ [vref  (

z

zref
)

1/7

]
2

= 0.7 ∗ 0.5 ∗ 1.2 [3 (
3

10
)

1

7
]

2

=  2.72  Pa  

qN =  q50 (
(ρU− ρI)gH+ ∆pv

4∆pp
)

0.67

= 0.4 ∗ (
(1.41− 1.22)∗9.81∗3+ 2.72

4∗47.9
)

0.67

= 0.1588 
l

s.m2  

 →  qN ∗  Aom = 0.1588 ∗ 735.1 = 116.73 
 l 

s
 = 0.0116 m3/s 

 

Qi = qN ∗  Aom * Cair * 𝜌air * (∆T) 

Qi = 0.0116 ∗ 1.22 ∗ 1007 ∗ 38 = 3225.9 W = 3.22 kW  
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Total Peak Power Demand = heat losses = transmission losses + Ventilation losses + 

Infiltration losses 

Total peak demand = 57.5 + 9.16 + 3.22 = 69.88 kW  

 

Now, it is possible to calculate the maximum area that waste energy from Sorption can 

support: 

 

Total available waste heat from Sorption = 218.26 kW 

Heat exchanger factor = 0.7 

218.26 * 0.7 = 152.782 

Total peak demand for 300 m2 greenhouse = 69.88 kW 

→ 
152.782∗300

69.88
 = 656 m2 

 

For the floor heating warm water is needs to circulate in the pipes under the floor to distribute 

heat uniformly to whole the greenhouse. First it can be calculated that how much energy 

water can contain; 

 

Water density = 992 kg/m3 

Water specific heat capacity = 4178 J/kg°K 

992*4178= 4144576 J/ m3 °K = 4144,576 kJ/m3°K /3600 = 1.15127 kW/m3 °C 

 

There are two important factor in heat distribution into the greenhouse; one is the heat that 

supplied to the floor and the other is the heat that leaving the floor [34]. 

 

Qtf = m * Cp * (Tfb-Ttb) Eqn. 1 total heat supplied to the floor in W  

Qlf = Uf * Af * (Tf - Ta) Eqn. 2 Heat leaving the floor in W  
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Where: 

 Qtf : total heat supplied to the floor (W)  

 M: mass flow rate of water returning to the boiler to be reheated (L/min)  

 Cp : specific heat of water (J/kg°K)  

 Tfb : Temperature of water supplied to the mixing valve (°C)  

 Ttb : Temperature of water returning to the boiler (°C) 

 Qlf : Heat leaving the floor (W)  

 Uf : Heat transfer rate of the floor (W/ m2 °K)  

 Af : Area of the floor (m2)  

 Tf : Average temperature of the water in the floor pipe (°C) 

 Ta : Temperature of the greenhouse air (°C) 

   

It can be considered that after while Qtf is equal to Qlf 

So → m * Cp * (Tfb-Ttb) = Uf * Af * (Tf - Ta) 

 

And by this consideration, it is possible to calculate Uf: 

Cp = 4181 J/kg°K 

Af = 300 m2 

Ta = 15 °C  

 

for Qtf : 

If the peak demand is equal to 69.88 kW. 

So → Qtf = m * 4181* (Tfb-Ttb) = 69880 W 

If Tfb = 30 and it is considered that return water has the same temperature with indoor  

So → m*(30 – 15) = 16.71 kg°K/s → m = 16.71/(30 – 15) = 1.114 kg/s water is needed. 

It mean 1.114 * 3600/1000 = 4.01 m3 hot water per hour 
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And for Qlf, heat transfer rate of the floor will be: 

Qlf = (Uf * 300 * ( 30 -15)) = 69880 W → Uf = 15.52 W/m2 °K  

 

 Peak power (kW) Hot water mass flow (m3/h) 

300 m2 Greenhouse  69.88 4.01 

Table 3.4: Hot water mass flow required for greenhouse heating 

 

 

And if on-floor heating system wants to be used as a heat distribution system, so:  

By considering that hot water is circulating in the 5 cm diameter pipes throughout the 

greenhouse and are spaced 30 cm apart each other (center to center), so: 

 

𝑄

𝐿
 (W/m) = π * D * U (Ti-To), L = 900 m  

→ Q = 900 * π * 0.05 * U * (30-15) = 69.88 kW 

→ Uf = 
69880

2120.5
 = 32.9 W/m2 °K 

 

 

 

 

3.2.3 Annual Energy losses 
 

 

3.2.3.1 Transmission losses (Qt) 

 

Annual transmission losses are calculated by:  

 

 QT = Umean ∗  Aom ∗ ℃h  
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Where: 

Um = 2.059 
W

m2°K
  

Aom = 735.1 m2  

From degree hours table for 

Ti = 20 °C and Te = 5.2 °C (mean temperature for Hofors) → ℃h = 119.34 k℃h    

QT = Umean ∗  Aom ∗ ℃h =  2.059 ∗ 735.1 ∗ 119340 = 180629  
kWh

year
  

 

 

3.2.3.2 Ventilation losses (Qv) 

 

   Ventilation for greenhouse is different than normal residential building and different 

exchange rate shall be applied for greenhouse to could control temperature and humidity 

level. Totally, maximum ventilation rate applied to decrease the temperature inside the 

greenhouse, when greenhouse needs the maximum exchange rate to be able to cool down the 

indoor temperature to the desired level. Another ventilation rate is minimum rate to control 

the humidity level inside the greenhouse. 

 

Qv = Cair ∗ 𝑚 ∗  𝜌air ∗ ℃h  

Where: 

Cair = 1007 J/kg °K 

ρair: (density of air at 15 ℃) = 1.22 kg/𝑚3 

m = 0.196 m3/s 

℃h = 119.34 k℃h    

 

Qv = 0.1961.221007119340 = 28772990 Wh  28772 
𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
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3.2.3.3 Infiltration loss (Qi) 

 

From the previous part, qN calculated to  0.1588 
l

s.m2 

→  qN ∗  Aom = 0.1588 ∗ 735.1 = 116.73 
 l 

s
 = 0.0116 

m3

𝑠
 

Qi = 0.0116 ∗ 1.22 ∗ 1007 ∗ 119340 = 2433791 Wh = 2433 
kWh

𝑦𝑒𝑎𝑟
  

 

 

Total Energy losses = Transmission + Ventilation + Infiltration 

Total Annual Energy losses = 180629 + 28772 + 2433 = 211834 
kWh

year
 = 211.8  

MWh

year
 

 

Complete energy losses calculation is available in Appendix 2. 

 

 

3.2.4 Heat generation from people 
 

   Heat generation from people can be calculated by: 

 

Qperson = 80 ∗ n ∗ t ∗ 365 ∗ 8/12 

Where: 

80: each person emits 80watts per hour 

n: 1 number of people who work in greenhouse 

t: 8 number of hours which people work in greenhouse 

365: days a year 

8/12: benefit of heat during the heating season 

So → Qperson = 80 ∗ 1 ∗ 8 ∗ 365 ∗
8

12
= 156 

kWh

year
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3.2.5 Operational electricity 
 

 

   Operational electricity includes electricity for fans, pumps, external lighting and other 

systems which use electricity such as control system and so on. 

 

 

3.2.5.1 Fans 

 

   Fans are working whole the year and consume electrical energy, in order to calculate the 

total electricity consumed by fans, total capacity for fans must be calculated for greenhouse. 

As it explained before in the ventilation losses part, propeller fans are working in several 

speeds to support different ventilation needs for summer and winter time. According to the 

calculation for ventilation losses part, fan are working around 1448 hours with full-speed and 

the rest by minimum speed. So it is possible to find out the total operational electricity for 

fans. 

 

Maximum exchange volume = 706.5*60 = 24390 m3/h 

Minimum exchange volume = 706.5 m3/h 

 

Fans electricity consumption calculated by producing companies,  

 

ventilation Exchange volume (m3/h) Hours (h) W kWh 

Maximum 24390 1448 1100 1592.8 

Minimum 706.5 7312 35 255.92 

total    1848.72 

Table 3.6: Propeller fans total electricity consumption 
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Circulation fans working as well year around to stir air inside the greenhouse and better 

mixing the air and carbon dioxide concentration in the indoor environment. Optimal air 

circulation inside the greenhouse is 3 cfm per square foot, which is around 5.097 m3/h per 

square meter. Table (3.6) shows the electricity consumption for these fans. 

 

ventilation 
Exchange rate        

(m3/h /m2) 
Area (m2) Hours (h) W 

kWh

year
 

Indoor Circulation Fan 5.097 300 8760 180 1576.8 

Table 3.7: Circulation fans total electricity consumption 

 

The total fan electricity consumption will be the sum of two fans, which is equal to: 

Total Fan Electricity consumption = 1848.72 + 1576.8 = 3425.52 kWh → 3.425 
MWh

year
 

 

 

3.2.5.2 Pump: 

 

   Pumps are needed to pump hot water for heating system and for irrigation system. 

Circulation pumps are used for heating system which can be selected by required suction 

capacity. For 300 m3 greenhouse, hot water capacity of 10.4 m3/h is needed, so electricity 

consumption will be around 100 W. 

Annual Pump Electricity Consumption: 100 * 7312 = 731.2 kWh per year = 0.73 
MWh

year
 

 

3.2.5.3 Lighting: 

 

As an example, the assimilated lighting will be calculated for tomato growing in the 

greenhouse with 300 m2 area. According to table (3.8) tomato needs light level of 6000 W/m2 

and the optimal photoperiod is 16 hours. 
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Plant Species Crop Stage W/m2 
Foot-
candles* Hours 

Alstromeria Cultivation 3000 120 13 

Anthirrhinum Propagation 9000 370 16 

  Cultivation 4500 180 24 

Azalea Propagation 6000 240 18 

  Forcing 3000 120 16 

Bedding Plants Seedlings 6000 240 16 

Begonia Stock/Prop. 6000 240 14 

Bromeliads Propagation 6000 240 18 

  Forcing 4500 180 24 

Cacteae Propagation 9000 370 18 

Calceolaria Forcing 3000 120 24 

Camellia Cultivation 4500 180 14 

Chrysanthemum Stock 9000 370 20 

  Rooting 6000 240 20 

  Cut Flowers 4500 180 18 

Cyclamen Propagation 6000 240 18 

Gesneria Propagation 6000 240 18 

  Cultivation 4500 180 18 

Kalanchoe Stock 6000 240 18 

  Rooting/Prop. 6000 240 16 

Ferns Propagation 6000 240 18 

Foliage Cuttings/Prop. 6000 240 16 

Geranium Stock 7000 650 16 

  Cuttings 9000 370 16 

Gerbera Stock/Prop. 6000 240 16 

Gladiolus Cut Flowers 8000 740 16 

Nursery Stock Rooting/Prop. 7500 700 24 

Orchids Production 9000 370 16 

Rose Cultivation 6000 240 24 

Sinningia (gloxinia) Propagation 6000 240 18 

Stephanotis Cultivation 4500 485 18 

Succulents Seedlings 9000 370 16 

Cucumbers Propagation 4500 485 18 

Lettuce 
 Seedlings 
(growth room) 25000 2300 24 

  
Crop 
Production (GH) 7000 650 16 

Strawberries Fruit Prod. 350 30 8 

Tomatoes Seedlings 6000 240 16 

Table 3.8: Recommendation for supplemental greenhouse lighting [14]  
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Greenhouse  

Surface area: 300 m2 

Growth: tomato 

Light level: 6000 W/m2 

 

Number of required lamps can be calculated by: 

 

N =
light level x surface area

effective flux
 

 

 

As it came in the theory part, HPS lamps are the most suitable and high effective and 

economically reasonable lamps for greenhouse, so effective flux of High Pressure Sodium 

will be calculated in the formula. 400 watts HPS lamps have effective flux of 38400 W; 

 

 

 Incandescent Flourescent HP Sodium Metal Halide 

Light Source I150W F40CW/40W 400W 400W 

Total Input (W) 150 48 440 425 

Lamp Flux (lm) 2,850 3,150 48,000 31,500 

Effective Flux (lm) ___ ___ 38,400 25,200 

Lamp Flux (mW) 11,970 9,135 110,400 88,200 

Conversion Factor 

(mW/lm) 

4.2 2.9 2.3 2.8 

Effective Flux (mW) ___ ___ 88,300 70,600 

Table 3.9: Energy Values for Four Illumination Sources 

 

 

So → N =
1800000

38400
 = 46.87 → 47  
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47 number of 400 watts HPS are required to could support lighting for tomato growing in the 

300 m2 greenhouse. It means 47*440 = 20.68 kW. It must be mentioned that HIP lamps emits 

around 70 Percent of watts for heating which contribute for greenhouse heating. 

 

To calculate the number of hours which assimilated lighting is required, the length of day 

which assimilated lighting is needed must be available for each day, so for tomato both day 

light and assimilated lighting shall provide the period of 16 hours for optimal growth. 

Calculations shows that totally 1491 hours of assimilated lighting is needed for tomato 

growing in the latitude of Hofors, it means 30.833 MWh per year Electricity need for 

assimilated electricity. Detailed calculation for Lighting is available in Appendix 3.  

 

Required assimilated lighting = 20.68 * 1491 = 30.833 
MWh

year
 

 

HPS lamps discharge 70 % of electricity as waste heat, so 70% of 30.833 MW goes out as 

heat energy which can contribute for energy balance. 

Waste heat by lighting: 0.7 * 30.833 = 21.58 
MWh

year
 

 

Total operational electricity for 300 m2 greenhouse will be equal to  

 

Operational Electricity MWh 

Fans 3.425 

Pumps 0.73 

Lighting 30.833 

Total 35 

Table 3.9: Total operational electricity 
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3.2.6 Sun Energy 
 

 

   In order to calculate the contributed sun energy, sun radiation for each day of year must be 

calculated and then investigates that if this energy contribute in greenhouse heating till the 

maximum limit of 25℃ or cause overheating, which can’t be added for energy balance.  

There are data and statistic for different latitude and climate zoon in Sweden, and the closet 

one is Västerås, which has almost same latitude and climate to Hofors.  

Each region receive different sun irradiation and it vary during year and different climate 

condition, namely; cloudy, half-cloudy or clear weather. There is factor which shows how 

cloud can affect energy irradiation and it can multiplied by 1 for clear days, 0.65 of normal 

sun irradiation for half-cloudy days and 0.25 of normal solar energy in cloudy days. The 

energy which receives depends even to the tilt of surface and it varies from horizontal, south 

façade, north façade and west to east. Graph (3.1) illustrates the insolation in Västerås for 

different tilts during the year.  

 

 

Graph 3.3: Insolation for Västerås for clear days [31] 
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Sun irradiation can be calculated for each surface of house for different months to find out the 

total sun energy for greenhouse. But to calculate the more accurate numbers, it must be 

multiplied with cloud factor which explained before. So, sun energy shall be calculated for 

different facades and then summed to calculate the total solar radiation for the greenhouse. 

In order to find out the contribution of this energy on energy balance, energy losses from the 

greenhouse must be calculated for each day and only during day time, because sun is 

available only on day times. If sun energy is less that losses, so it can be accounted for energy 

balance, otherwise the rest of sun energy which exceed energy losses for that period must be 

neglected. At the end transmission factor for glazing material of greenhouse must be 

multiplied to find out the energy which transmit to the canopies of plants. So the total sun 

energy which can contribute in energy balance is as follow. Detailed calculation for sun 

energy is available in Appendix 4. 

 

 

Sun energy (yearly) Total irradiation to greenhouse Usable part for heating 

(MWh/year) 295 111 

Table 3.10: Sun energy contribution to energy balance 

 

Energy losses = solar energy + supplement heat energy + lighting waste heat + Heat 

generation from people 

 

Where: 

Energy losses = Transmission + Ventilation + Infiltration 

Operational electricity = Fans + Pumps + supplement lighting 

Greenhouse total energy requirement = Operational electricity + Energy losses – Contribution 

from people – Sun energy  

 

Greenhouse energy requirement is sum of both energy losses and operational electricity which 

totally is equal to 



78 
 

Greenhouse energy 

requirement 

MWh  

Energy losses 211.8 

Operational Electricity 35 

Total 246.8 

Table 3.11: Total energy requirement for greenhouse 

 

Supplement energy must provide the energy losses from greenhouse. By calculation of losses 

and other supplemental energies, the need of waste heat from Industry can be concluded.  

Energy losses = solar energy + supplement heat energy + lighting waste heat + Heat 

generation from people 

211.8 = 111 + 21.58 + 0.155 + Supplemental Energy (waste heat from industry) 

→ Supplemental Energy (waste heat from industry) = 79.065 
MWh

year
 

So required waste heat from industry to support heat energy needs will be equal to 81.045 

MWh per year. 

 

 MWh 

Insolation 111 

Lighting Waste Heat 21.58 

Heat generation from People 0.155 

Waste Heat from Industry 79.065 

Total 211.8 

Table 3.12: total heat energy consumption 

   

   According to the calculations, around 79 MWh waste heat energy is needed to provide 

heating for 300 m2 greenhouse, it means, around 263 kWh per m2 per year. With this number, 

it is possible to roughly estimate the waste heat requirement for different size greenhouses. 

For example; 1000 m2 greenhouse will need around 263 MWh heat energy for greenhouse 

heating. 
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As it calculated before in the peak power demand power part, around 70 KW waste heat is 

needed to provide the heat energy requirement in coldest condition for a 300 m2 greenhouse in 

Hofors. So, for 1000 m2 it will be around 233 KW. 

 

 

 Annual heat energy 

requirement (MWh) 

Peak power requirement (kW) 

300 m2 greenhouse 79 70 

1000 m2 263 233 

5000 m2 1315 1166 

Table 3.13: Heat energy requirement for several greenhouse sizes 

 

 

 

 

So annual energy requirement → 263 
𝐤𝐖𝐡

𝐲𝐞𝐚𝐫
 per m2  

And peak power demand → 233 W per m2  
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3.3 Carbon Dioxide Assimilation 
 

 

   As it explained in the theory part, plants need carbon dioxide for photosynthesis, and 

research shows that high concentration of carbon dioxide in the air is good for plants and they 

grow faster and bigger, and totally it concludes to higher yields. In order to calculate the 

amount of carbon dioxide which must be supplied in the greenhouse is depends on air 

exchange rate and rate of consumption by plants. There are some formulas to calculate the 

required carbon dioxide. If plant CO2 consumption level and the desired level of CO2 

concentration inside the greenhouse are available, so it can be calculated as follow: 

 

A = B + C 

Where: 

    A: required CO2 (g/m2.s) 

    B: CO2 which ventilates out (g/m2.s) 

    A: CO2 consumption level by plants (g/m2.s) 

 

In order to calculate the carbon dioxide which goes out by ventilation, the exchange rate for 

greenhouse must be available, as it explained before, when the maximum rate of exchange is 

used so carbon supplementation must be turned off. But when minimum exchange rate is 

happening, it is recommended to assimilate carbon dioxide for the certain concentration for 

different plants. 

Area = 300 m2, V = 706.5 m3, Tomato growing 

 

So B can be calculated by: 

B = r * h * (Ci – Co)* 0.0018 
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Where: 

      r = 1 1/h 

      h = 3 m 

      Ci: 1000 ppm 

      Co: 350 ppm 

 

So CO2 which ventilates out → B = 1 * 3 * (1000 – 350) * 0.0018 = 3.5 g/m2.h 

 

And for example for the Tomato, there is table that shows the CO2 consumption depend of 

light intensity and CO2 concentration inside the greenhouse. So if light intensity of 300 

W/m2emitting to the plants, the consumption level will be calculated as follow: 

Light intensity = 350 W/m2, Ci = 1000 ppm → C = 2 g/m2.h 

 

 

Now, it is easy to calculate the required CO2: 

A = B + C = 3.5 + 2 = 5.5 g/m2.h  

So the total amount of CO2 required for 300 m2 tomato greenhouse will be: 

5.5 * 7312 = 40 kg per m2 

 

Total → 300 ∗  40 = 12000 kg carbon dioxide per year. 
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3.4 Economy: 
     

 

   Here comes calculation for waste heat heated greenhouse economy and comparison with 

other systems for greenhouse.  

 

 

3.4.1  Capital costs: 
 

Prices for different systems and material for greenhouse construction, costs are considered for 

300 m2 greenhouse with waste heat as energy source. 

 

Different parts Price (Swedish Kronor) 

Heat exchanger 6500 

Heat transmission 25000 

Heating system 
Under-floor 20000 

Over-head 33000 

Reserve Boiler 50000 

Lighting 32000 

Ventilation 3700 

CO2 transmission 20000 

Construction ( frame & glazing material) 130000 

Irrigation 10000 

Control system 45000 

labor ( installation )   50000 

labor ( ground )   150000 

labor (construction) 100000 

Total  675200 

Table 3.14: Capital costs 

So, total cost for a 300 m2 greenhouse is around 675000 inclusive heating by waste heat will 

equipped mix of under-floor and overhead heating. Other common types for greenhouse 
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heating are fuel-oil, natural gas, district heating, electricity and bio-fuel. Here comes different 

heating systems capital cost. 

 

 

3.4.2 Annual costs 
 

 

   Here comes annual costs for a 300 m2 greenhouse with waste heat as energy source, tomato 

as a plant material and CO2 assimilation direct from industry. 
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Labor (hr)                                600 200 120000 400 

Energy (kWh) 
El           32200 0.9105 29318.1 98 

Waste heat 81045 0.3 24313.5 81 

Plant material (nr) 650 40 26000 87 

Nutrient material 300 10 3000 10 

Carbon dioxide 12000 1.2 14400 48 

Packing & Transport     15000 50 

Insurances         

Maintenance 500 25 12500 42 

Selling costs: 5-13% product prices     23013.16 77 

to
ta

l 

      253144.8 844 

Table 3.15: Annual costs 

 

   It can be resulted that saving on labor and energy can decline annual costs remarkably. 

Break even costs can show the minimum expectation for yield to could cover all annual costs. 

Table (3.16) shows that bio-fuel heating systems are the most expensive compared to other 

common fuels and waste heat system is not so costly compared to others. 
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Waste heat   6500 25000 20000 51500 172 

Fuel-oil   30000 7500 20000 57500 192 

Natural gas There is no Natural gas network in the region 

District heating       50000 50000 167 

Electricity   49000   20000 69000 230 

Bio-fuel 
pellet 100000 80000 20000 200000 667 

Wood chips 170000 80000 20000 270000 900 

Table 3.16: Different fuel investment cost comparison 

 

Table (3.17) compares the kWh prices for different fuels. Oil is the most expensive fuel per 

kWh, thereafter comes Electricity. Waste heat and wood chips are the cheapest by around 30 

öre per kWh. 
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Waste heat     0.8 79065 23719.5 79.065 0.3 

Fuel-oil 11000 9800 0.85 9.729292 107022.2 356.7407 1.320528 

Natural gas* 2.032 10.8 0.8 9380.208 19060.58 63.53528 0.235185 

District heating       81045 53489.7 178.299 0.66 

Electricity     0.95 54840 49931.82 166.4394 0.9105 

Bio-fuel 
Wood chips 225 850 0.8 119.1838 26816.36 89.38787 0.330882 

Pellet 1960 4800 0.8 21.10547 41366.72 137.8891 0.510417 

 Table 3.17: Different fuel kWh prices  
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There is not exact numbers about kg of yield per square meter of greenhouse and statistics 

show very big difference which make it unreliable to investigate by this number. There is 

number of 60 kg per square meter of greenhouse yearly yield of tomato in normal tomato 

culturing in south of Sweden which do not work year around and neither with new 

technologies. High number of 157 kg per square meter in a high technical planting on USA 

has been recorded.  

 

There are a lot of factors which affect this number, for example, good and optimal 

environmental condition (temperature, relative humidity), good and optimal lighting (quality, 

quantity and lighting duration), optimal CO2 presentation in the greenhouse, optimal irrigation 

for plants and so on can affect the quality, quantity of products. So by investment on 

assimilated lighting, CO2 assimilation and good control system, considering of high quantity 

of products is accessible for our case. The average number of 70 kg per square meter will be 

used on calculations.  

 

Other important factor to calculate the profit of products are the average price for product. 

Prices vary a lot from summer to winter so in order to calculate the average selling price for 

greenhouse, articles from Jordsbruksverket studied and studies allow us to set a price of 

around 20 kronor per kg of normal tomato per square meter for local selling. Calculations 

results: 

 

 

Tomato greenhouse: 

Area: 300 m2 

Duration of culturing: yearly around 

Assimilated carbon dioxide and lighting 

Amount of products: 300 * 70 = 21000 kg 

Profit: 21000 * 20 = 420000 kronor per year 
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In order to calculate the pat-off time, amortization and bank loan shall be calculated. Interest 

rate from the bank is counted to 8 % and calculation is done for loan term of 10 years by 

estimating half of the price for greenhouse value after 10 years. Calculation is done online by 

Kalkyllådan by Grön Kompetens AB (Fig 8).  

 

 

Figure 8:Economy online calculation 

 

Pay-off time = 3.1 year = 37 months and 7 days. 

 

It shows that it is a profitable investment by around 250000 kronor profit at the end after 10 

years. It is obvious that larger greenhouses will have better results because of less cost per 

square meter for investment and annual costs. 
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 Discussion  
 

 

 

• Waste Heat 

• Peak Power Demand 

• Annual Energy Losses 

• Operational Electricity 

• Sun Energy 

• Energy Balance 

• Econo 
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4.1 Waste heat 

 

 

As it described in the previous chapters, waste heat is valuating by its quality and quantity.  

Waste heat management is the science of finding the amount of waste heat that is available, 

then investigate the ways that it can be used technically and finally investigate its possibility 

economically. It is very important to use waste heat in the best way, for example using high 

quality waste heat for application that needs high temperature and vice versa. In this project 

waste heat can be hot water or flue gas, so for flue gas waste heat recovering it is very 

important to choose the best and suitable heat exchanger for the system. It showed that 

releasing the latent heat has more valuable than sensible heat in the low temperature waste 

heat applications, so by choosing a good heat exchanger it is possible to even make use of 

latent beside sensible energy.  
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4.2 Peak power demand 
 

 

 

In order to find that how big greenhouse is possible to construct by available waste heat, peak 

power demand shall be calculated. For our case peak power demand calculated to 69.88 kW. 

As it shows, transmission losses are the biggest with 82 % of whole losses for a greenhouse, 

which can be reduced by using thermal blanket. Ventilation losses are the second by 9.16 kW 

which corresponding to 13 % of losses, and infiltration losses has only 3 % of losses.  

 

 

 

 

Chart 3.1: Peak Power Demand 
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4.3 Annual energy losses 
 

 

 

Annual energy losses calculations shows that transmission losses is the highest by 180 MWh 

per year which corresponds to 86 % of total losses. Ventilation losses is equal to 28 MWh per 

year which has 13 % of losses, and infiltration losses is only 1 % of total losses. By using 

thermal blanket it is possible to remarkably decrease transmission losses. 

 

 

 

 

 

Chart 3.2: Annual energy losses 
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4.4 Operational electricity 
 

 

Lighting is the biggest consumer of electricity in the greenhouse. For 300 m2 greenhouse it is 

equal to 30.833 MWh per year in the latitude of Hofors with HPS lamps. Supplemental 

lighting is recommended to use specially for the countries like Sweden which has limited 

period of sun light during winter time. Supplemental lighting needs remarkable investment, 

but it can be paid back by having better and faster growing.. Fans used for temperature and 

humidity control as well as better air stirring inside the greenhouse, electrical consumption for 

fans is around 10 % of greenhouse electricity requirement by 3.425 MWh per year. Pumps use 

only 2 % of operational electricity in the greenhouse, and they are used for heat distribution 

and irrigation system in the greenhouse. 

 

 

 

Graph 3.3: Different operational electricity 
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Electrical energy is 31 % of total energy requirement for a greenhouse, it means 69 % of 

energy supplied to the greenhouse is heat energy. 

 

 

 

Graph 3.4: Greenhouse total energy requirement 
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4.5 Sun energy 
 

 

 Sun energy is free and best source to support plants light requirements, but it can cause 

overheating in the greenhouse when ventilation rate is not that high, and during some hot days 

even good ventilation rate cannot prevent overheating in the greenhouse. The simplest way is 

to utilize greenhouse to open roof ventilation system or use shading technology to prevent 

some part of sun transmission into the greenhouse. Because of temperature limitation of 25 ℃ 

for the plants during the day, only part of sun energy contribute to energy balance. 

Calculations shows that twin wall polycarbonate greenhouse in the latitude of Hofors use only 

38 % of sun energy for energy balance which for 300 m2 greenhouse will be around 111 

MWh per year. 

 

 

 

Chart 3.1: Sun energy effectiveness 
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4.6 Energy balance 
 

 

Sun energy, supplemental heat energy and lighting waste heat are the major parameters for 

greenhouse energy balance calculation. 

Energy losses = solar energy + supplement heat energy + lighting waste heat + Heat 

generation from people      

 

Sun energy support more than half of the heat energy requirement for greenhouse which is 

equal to 111 MWh for 300 m2 greenhouse. Waste heating from HPS lamps contribute to 10 % 

of total heat energy requirement. So, the rest of required energy must be supported by waste 

heat energy which in this case corresponds to 37 % of total heat energy requirement. Heat 

generation from people is very low and not comparable for this chart. 

 

 

 

Chart 3.5: Different heat energy contribution 
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Greenhouse energy requirement is sum of both energy losses and operational electricity which 

totally is equal to 

Greenhouse energy 

requirement 
MWh 

supplemental heat energy 79.065 

Operational Electricity 35 

Total 114.065 

Table 3.10: Total energy requirement for greenhouse 

 

 

   According to the calculations, around 79.065 MWh waste heat is needed to provide heating 

for 300 m2 greenhouse yearly, it means, around 263 kWh per m2 per year. With this number, 

it is possible to roughly estimate the waste heat requirement for different size greenhouses. 

For example; 1000 m2 greenhouse will need around 263 MWh heat energy for greenhouse 

heating. 

As it calculated before in the peak power demand power part, around 69.88 kWh waste heat is 

needed to provide the heat power requirement in coldest condition for a 300 m2 greenhouse in 

Hofors. So, for 1000 m2  it will be around 233 kWh. 

 

 Annual heat energy 

requirement (MWh) 

Peak power requirement 

(kWh) 

300 m2 greenhouse 79 70 

1000 m2 263 233 

5000 m2 1315 1166 

 

So annual energy requirement → 263 
𝐤𝐖𝐡

𝐲𝐞𝐚𝐫
 per m2  

And peak power demand → 233 W per m2  
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4.7 Economy 
 

 

Economy is the most important part of this project and incomes cannot must be able to cover 

the expenditure for a profitable investment. Total Investment cost counted to 675200 kronor 

which corresponds to around 2250 kronor per square meter. Annual expenditures counted to 

around 255000 kronor which corresponds to around 833 kronor for each square meter. Labor 

is the highest cost for a greenhouse as it estimated by 48% of total costs, then comes energy 

by 21%. Plant material cost almost one tenth of annual expenditures for the greenhouse owner 

and other cost namely; selling cost, maintenance, packing and transport cover 21% of costs. 

 

 

 

Chart 3.5: Annual Expenditures 

 

Waste heat heating system compared to other common fuels for greenhouse that the cheapest 

price per kWh and system is not so expensive compared to others. Bio-fuel heating systems 

are the most expensive compared to others.   
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 Conclusion:  
 

 

   Using waste heat as an energy source for greenhouse has several advantages both for the 

industries and greenhouse owner. Results showed that waste heat is the cheapest alternative 

for greenhouse and compared to other fuel heating systems is not so costly. Using waste heat 

from industry has environmental benefits for the region by reducing the wasting warm water 

or hot flue gases to the nature. Studied showed that by using CO2 from flue gases which have 

pure CO2 at the exhaust have benefits for the industry because of rising taxes for the CO2 

emission and for the greenhouse owner who do not need to pay for CO2. One study case of 

300 m2 greenhouse investigated and results showed reasonable pay-off time.  

 

For the future work, it is recommended to investigate this system economically for bigger 

sizes of greenhouses to find the optimal size with highest benefit per square meter. It is 

estimated that by increasing the greenhouse the investment cost per square meter will be 

lower and even the annual costs will have falling trend by size. It is possible to start very big 

projects because of large amount of low temperature waste heat available in the region, and it 

can bring new companies, new jobs and new opportunities to support all countries needs from 

local produced greenhouse production. 
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Appendices: 
 

 

 

• U-value Calculations 

• Energy Losses Calculations 

• Assimilated Lighting Calculations 

• Sun energy Calculations 
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Appendix I: U-Value Calculations 
 

 

 

   Glazing Material 

Polycarbonate 10mm twinwall = 3.2 (W/𝐦𝟐 °K) 

 

 

   Floor  

Thickness(m) Material 
Lambda 

(W/m°K) 
R (m2°K/W) 

- Rsi - 0,17 

0,102 BTG 1,7 0,06 

0,1 PAROC XES 200j 0,036 2,777777778 

0,1 drained sand & gravel 1,4 0,071428571 

  Rse - 0,04 

  R total   3,119206349 

  u total   0,320594372 

 
Ufloor =0.32(W/𝒎𝟐°k)  

 

 

 

   Um for greenhouse  

  Area (m2) U-value (W/m°K) U*A (W/°K)  

Outside wall 
47,1 3,2 150,7  

388 3,2 1241,6  

Floor 300 0,32 97,4  

thermal bridge - - 24,0  

Sum 735,1 6,7247 1513,7  

     

Aom (m2) 735,1  

Atemp (m2) 300  

Vol (m3) 706,5  

Um  (W/m2 °K) 2.059216433 Um = 2.059(W/𝐦𝟐°K) 
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Appendix II: Energy Losses Calculations 
 

 

 

 

 

 

 

 

 

℃ jan feb mar apr maj jun jul auq sep okt nov dec 

Night mean temp -4,6 -10 -4,1 6,2 8,5 14,7 16,1 13,7 10,3 5,2 3,3 -0,2 

Day mean temp  -3,4 -5,9 -2,3 12,6 13,9 19,3 20,1 18,8 15,5 9,6 5,2 0,5 

Mean temp -4,4 -7,9 -0,9 8,6 10,3 15,9 17,2 15,2 12,1 6,9 3,6 -0,1 

 

 

 

  Area (m2) 
U-value 

(W/m°K) 
U*A (W/°K) 

Outside wall 
47,1 3,2 150,7 

388 3,2 1241,6  

Floor 300 0,3247 97,4  

thermal bridge - - 24,0     

Sum 735,1 6,7247 1513,7  

 

 

 

    

Aom (m2) 735,1  Cpair (J/kg°K) 1007 

Atemp (m2) 300  ρ -23 (kg/m3) 1,41 

Vol (m3) 706,5  ρ 15 (kg/m3) 1,22 

Um (W/m2 °K) 2.059216433   (m3/s) 0,196 

ΔT ºC 38  Vref (m/s) 3 

  

 

 

 

    

DPv (Pa) 2,724435 

Qn (1.3 L/s) 0,158886 

Qn*Aom (L/s) 69,13132 
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Q losses 
(wh) jan feb mar apr maj jun jul auq sep okt nov dec total 

24 hours 1111477 1270910 952044 519297 441858 186765 127547 218651 359863 596736 747058 915602 7447806 

Month 34455783 39398211 29513355 16098194 13697586 5789701 3953942 6778187 
1115576

6 
1849880

2 
23158805 28383658 230881991 

Day time 350373 524905 504093 338909 356048 197441 163220 180046 227192 286448 272460 269708 3670844 

Monthly 
day time 

10861574 14697346 15626898 10167280 11037501 5923227 5059811 5581413 6815768 8879896 8173796 8360941 111185449 

Night 
time 

651019 714128 445900 160344 87593 3274 -13466 21467 101696 264128 371963 525067 3333112 

Monthly 
night 
time 

20181581 22137958 13822912 4970670 2715393 101496 0 665463 3152563 8187956 11530861 16277063 103743916 

 

 

 

Total day time energy losses 111 
MWh

year
 

Total night time energy losses  104 
MWh

year
 

Total Energy losses  231  
MWh

year
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Appendix III: Assimilated Lighting calculations  
 

 

 

 

Hour (h) jan feb mar apr maj jun jul auq sep okt nov dec 

mean day light period 6,5 8,95 11,7 14,4 16,9 18,2
5 

17,5
5 

15,3 12,6 9,8 7,25 5,8 

assimilated light 
requires  

9,5 7,05 4,3 1,6 0 0 0 0,7 3,4 6,2 8,75 10,2 

monthly assimilated 
light  

294,5 197,
4 

133,
3 

48 0 0 0 21,7 102 192,
2 

262,
5 

316,
2 

 

 

 

 

total assimilated lighting yearly (hour) 1491 hour 

Required power for 300 m2 tomato 20.68 kW 

total assimilated lighting yearly MWh 30833 KWh 

 

 

Total Assimilated lighting electricity consumption yearly = 30.8 MWh per year 
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Appendix IV: Sun Energy Calculations 
 

 

 

 

Västerås jan feb mar apr maj jun jul auq sep okt nov dec 

Nr. clear days 18,5 15 12,2 10,5 8,7 7,8 8,3 9,9 9,9 14,7 19,7 19,9 

Nr. cloudy days 3,8 4 7,3 5,8 7,8 5,7 6 5,6 5,5 4,6 2,7 2,9 

Nr. half cloudy days 8,7 9 11,5 13,7 14,5 16,5 16,7 15,5 14,6 11,7 7,6 8,2 

 

 

 

Insolation clear day 
(Wh/m2) 

jan feb mar apr maj jun jul auq sep okt nov dec 

Horisontal 500 1500 3350 580
0 

745
0 

850
0 

810
0 

635
0 

410
0 

220
0 

850 300 

South 275
0 

4900 6300 640
0 

575
0 

540
0 

560
0 

595
0 

610
0 

565
0 

340
0 

205
0 

North 100 350 700 135
0 

230
0 

320
0 

280
0 

170
0 

900 450 200 100 

East-west 500 1500 3050 470
0 

565
0 

620
0 

595
0 

500
0 

350
0 

210
0 

800 300 

Mean(hor&south) 162
5 

3200 4825 610
0 

660
0 

695
0 

685
0 

615
0 

510
0 

392
5 

212
5 

117
5 

Mean(hor&north) 300 925 2025 357
5 

487
5 

585
0 

545
0 

402
5 

250
0 

132
5 

525 200 

 

 

 

300 m2 Quonset greenhouse area (m2) 

East-west 47 

Mean(hor&south) 194 

Mean(hor&north) 194 
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Q losses (Wh)  jan feb mar apr maj jun jul auq sep okt nov dec total 

Clear day 300 m2 396950 870750 1472250 2097850 2491700 2774600 2665850 2208950 1638900 1117200 551700 280850  

Cloudy day 300 m2 74428 163266 276047 393347 467194 520238 499847 414178 307294 209475 103444 52659  

Half-cloudy 300 m2 193513 424491 717722 1022702 1214704 1352618 1299602 1076863 798964 544635 268954 136914  

Monthly (Wh/m2) East-
West 

12553 32775 65575 98019 113424 123690 122897 106875 72678 49256 20252 7787 825779 

Monthly (Wh/m2) 
Mean(hor&south) 

40796 69920 103738 127216 132495 138653 141487 131456 105902 92061 53794 30497 1168013 

Monthly (Wh/m2) 
Mean(hor&north) 

7532 20211 43538 74557 97866 116708 112570 86034 51913 31078 13290 5191 660486      

 

 

 

 

 

Total receive = 295 MWh per year 

      
 

 

 

 jan feb mar apr maj jun jul auq sep okt nov dec total 
Q losses (Wh) 
Monthly day 
time 

11825833 16002133 17014209 11069902 12017378 6449073 5509006 6076915 7420852 9668227 8899442 9103201 121056169 

Sun energy 
(Wh) 300 m2 
polyvarbonate 

7474072 14269416 23740031 32812996 37515658 41514953 41297349 35412230 25523819 19652945 10474714 5467096 295155278 

positive sun 
energy (Wh) 
 

0 0 6725823 21743094 25498280 35065879 35788343 29335315 18102967 9984718 1575272 0 111335587 

 

 Usable part of sun energy for energy losses = 111 MWh per year 

 

300 m2 Quonset greenhouse Annual insolation (Wh) 

East-west 38811590 

Mean(hor&south) 226594522 

Mean(hor&north) 128134260 

Total  393540371 

Total (polycarbonate twinwall) 295155278 


