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Abstract 

Sustainability has been at the centre of global attention for dec-
ades. One of the most challenging areas toward sustainability is the 
agricultural sector. Here, the commercial greenhouse is one of the 
most effective cultivation methods with a yield per cultivated area 
up to 10 times higher than for open land farming. However, this 
improvement comes with a higher energy demand. Therefore, the 
significance of energy conservation and management in the com-
mercial greenhouse has been emphasized to enable cost efficient 
crop production. This Doctoral Thesis presents an assessment of 
energy pathways for improved greenhouse performance by reduc-
ing the direct energy inputs and by conserving energy throughout 
the system.  

A reference theoretical model for analyzing the energy perfor-
mance of a greenhouse has been developed using TRNSYS. This 
model is verified using real data from a conventional greenhouse in 
Stockholm (Ulriksdal). With this, a number of energy saving op-
portunities (e.g. double glazing) were assessed one by one with re-
gards to the impact on the annual heating, cooling and electricity 
demand. Later, a multidimensional energy saving method, the 
“Closed Greenhouse”, was introduced. The closed greenhouse is 
an innovative concept with a combination of many energy saving 
opportunities. In the ideal closed greenhouse configuration, there 
are no ventilation windows, and the excess heat, in both sensible 
and latent forms, needs to be stored using a seasonal thermal ener-
gy storage. A short term (daily) storage can be used to eliminate 
the daily mismatch in the heating and cooling demand as well as 
handling the hourly fluctuations in the demand.  

The key conclusion form this work is that the innovative concept 
“closed greenhouse” can be cost-effective, independent of fossil 
fuel and technically feasible regardless of climate condition. For 
the Nordic climate case of Sweden, more than 800 GWh can be 
saved annually, by converting all conventional greenhouses into 
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this concept. Climate change mitigation will follow, as a key impact 
towards sustainability. 

In more detail, the results show that the annual heating demand in 
an ideal closed greenhouse can be reduced to 60 kWhm-2 as com-
pared to 300 kWhm-2 in the conventional greenhouse. However, 
by considering semi-closed or partly closed greenhouse concepts, 
practical implementation appears advantageous. The required ex-
ternal energy input for heating purpose can still be reduced by 25% 
to 75% depending on the fraction of closed area. The payback pe-
riod time for the investment in a closed greenhouse varies between 
5 and 8 years depending on the thermal energy storage design 
conditions. Thus, the closed greenhouse concept has the potential 
to be cost effective. 

Following these results, energy management pathways have been 
examined based on the proposed thermo-economic assessment. 
From this, it is clear that the main differences between the sug-
gested scenarios are the type of energy source, as well as the cool-
ing and dehumidification strategies judged feasible, and that these 
are very much dependent on the climatic conditions 

Finally, by proposing the “solar blind” concept as an active system, 
the surplus solar radiation can be absorbed by PVT panels and 
stored in thermal energy storage for supplying a portion of the 
greenhouse heating demand. In this concept, the annual external 
energy input for heating purpose in a commercial closed green-
house with solar blind is reduced by 80%, down to 62 kWhm-2 (per 
unit of greenhouse area), as compared to a conventional configura-
tion. Also the annual total useful heat gain and electricity genera-
tion, per unit of greenhouse area, by the solar blind in this concept 
is around 20 kWhm-2 and 80 kWhm-2, respectively. The generated 
electricity can be used for supplying the greenhouse power de-
mand for artificial lighting and other devices. Typically, the elec-
tricity demand for a commercial greenhouse is about 170 kWhm-2. 
Here, the effect of “shading” on the crop yield is not considered, 
and would have to be carefully assessed in each case. 

Keywords: Thermal Energy Storage, Energy Saving, Thermoeconomic 
Assessment, Energy Management Scenario, Micro Climate Control, Solar 
Building, Closed Greenhouse   
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Sammanfattning 

Hållbarhet har legat i fokus under decennier. En av de mest utmanande 
områdena är jordbrukssektorn, där. kommersiella växthus är ett av de 
mest effektiva odlingsalternativen med en avkastning per odlad yta upp 
till 10 gånger högre än för jordbruk på friland. Dock kommer denna för-
bättring med ett högre energibehov. Därför är energieffektivisering i 
kommersiella växthus viktig för att möjliggöra kostnadseffektiv odling. 
Denna doktorsavhandling presenterar en utvärdering av olika energisce-
narios för förbättring av växthusens prestanda genom att minska extern 
energitillförsel och spara energi genom i systemet som helhet. 

För studien har en teoretisk modell för analys av energiprestanda i ett 
växthus utvecklats med hjälp av TRNSYS. Denna modell har verifierats 
med hjälp av verkliga data från ett konventionellt växthus i Stockholm 
(Ulriksdal). Med denna modell har ett antal energibesparingsåtgärder 
(som dubbelglas) bedömts med hänsyn till de totala värme-, kyl-och el-
behoven. En flerdimensionell metod för energibesparing, det s.k. "slutna 
växthuset", introduceras. Det slutna växthuset är ett innovativt koncept 
som är en kombination av flera energibesparingsmöjligheter. I den ideala 
slutna växthuskonfigurationen finns det inga ventilationsfönster och 
värmeöverskott, både sensibel och latent, lagras i ett energilager för se-
nare användning. Daglig lagring kan användas för att eliminera den dag-
liga obalansen i värme-och kylbehovet. Ett säsongslager introduceras för 
att möjliggöra användandet av sommarvärme för uppvärmning vintertid. 

Den viktigaste slutsatsen från detta arbete är att ett sådant innovativt 
koncept, det "slutna växthuset" kan vara kostnadseffektiv, oberoende av 
fossila bränslen och tekniskt genomförbart oavsett klimatförhållanden. 
För det svenska klimatet kan mer än 800 GWh sparas årligen, genom att 
konvertera alla vanliga växthus till detta koncept. Det årliga värmebeho-
vet i ett idealiskt slutet växthus kan reduceras till 60 kWhm-2 jämfört med 
300 kWhm-2 i ett konventionellt växthus. Energibesparingen kommer 
även att minska miljöpåverkan.  

Även ett delvis slutet växthus, där en del av ytan är slutet, eller där viss 
kontrollerad ventilation medges, minskar energibehovet samtidigt som 
praktiska fördelar har kunnat påvisas. Ett delvis slutet växthus kan 
minska energibehovet för uppvärmning med mellan 25% och 75% bero-
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ende på andelen sluten yta. En framräknad återbetalningstid för investe-
ringen i ett slutet växthus varierar mellan 5 och 8 år beroende på design 
av energilagringssystemet. Sålunda har det slutna växthuskonceptet pot-
ential att vara kostnadseffektiv. 

Mot bakgrund av dessa lovande resultat har sedan scenarios för energy 
management analyserats med hänsyn till termo-ekonomiska faktorer. 
Från detta är det tydligt att de viktigaste skillnaderna mellan de före-
slagna scenarierna är den typ av energikälla, samt kyl- och avfuktnings-
strategier som används, och dessa val är mycket beroende av klimatför-
hållandena. 

Slutligen, föreslås ett nytt koncept, en s.k. "solpersienn", vilket är ett ak-
tivt system där överskottet av solstrålningen absorberas av PVT-paneler 
och lagras i termiskenergilager för att tillföra en del av växthuseffekten 
värmebehov. I detta koncept minskar den årliga externa energitillförseln 
för uppvärmning i ett slutet växthus med 80%, ner till 62 kWhm-2. Den 
totala värme- och elproduktionen, med konceptet "solpersienn" blir cirka 
20 kWhm-2 respektive 80 kWhm-2. Elproduktion kan användas för artifi-
ciell belysning och annan elektrisk utrustning i växthuset.  

Nyckelord: termisk energilagring, energieffektivisering, , Energy Mana-
gement, klimatkontroll, solvärmd bebyggelse, slutet växthus 

 

 



 9 

Publications 

Journal Papers: 

Paper 1: 

Amir Vadiee, Viktoria Martin, 2011, “Energy management in horti-
cultural applications through the closed greenhouse concept, state 
of the art”, Renewable and Sustainable Energy Reviews, Volume 16, Is-
sue 7, September 2012, Pages 5087-5100 

Paper 2: 
 
Amir Vadiee, Viktoria Martin, 2013, “Energy Management strategies 
for Commercial Greenhouse”, Applied Energy, Special issue on Sus-
tainable Energy and Climate Protection Solutions in Agriculture, APEN-
D-13-00744, August 2013 

Paper 3: 
 
Amir Vadiee, Viktoria Martin, 2011, “Energy Analysis and Ther-
moeconomic Assessment of the Closed Greenhouse – The Largest 
Commercial Solar Building”, Applied Energy, Volume 102, February 
2013, Pages 1256-1266 

Paper 4: 
 
Amir Vadiee, Viktoria Martin, 2013, “Thermal energy storage strate-
g ies for effective closed greenhouse design”, Applied Ener-
gy, Volume 109, February 2013, Pages 337-343. 

Peer Reviewed Conference Papers: 

Paper 5:  

Amir Vadiee, Viktoria Martin, 2012, “Application of thermal energy 
storage in the closed greenhouse concept”, Innostock 2012, The 
12th International Conference on Energy Storage-INNO-S-15,16-18 
May, Lleida, Spain 

http://www.sciencedirect.com/science/article/pii/S1364032112002973
http://www.sciencedirect.com/science/article/pii/S1364032112002973
http://www.sciencedirect.com/science/article/pii/S1364032112002973
http://www.sciencedirect.com/science/article/pii/S0306261912009567
http://www.sciencedirect.com/science/article/pii/S0306261912009567


 10 

Paper 6: 
 
Amir Vadiee, Justin Ningwei Chiu, Saman Nimali Gunasekara and 
Viktoria Martin, “Thermal energy storage systems in closed green-
house with component and phase change material design”, Sus-
tainable Energy Storage in Buildings (SESB) Conference, June 2013 
  
Paper 7: 
 
Amir Vadiee, Viktoria Martin, 2013, “Solar Blind System-An Innova-
tive Method for Solar Energy Utilization in the Closed Greenhouse 
Concept”, 2013 ISES Solar World Congress, 3-7 November, Cancun, 
Mexico, 2013 (Recommended for Solar Energy Journal) 

 
Paper 8: 
Shervin Niaparast, Amir Vadiee, Viktoria Martin, Justin Chiu, 2013, 
“Energy analysis of a solar curtain concept integrated with energy 
storage system”, International Conference on Applied Energy, ICAE 
2013, Jul 1-4, 2013, Pretoria, South Africa, Paper ID: ICAE2013-417 

 
Not appended Publications: 

Technical Report, Marco Sardella, Amir Vadiee, Viktoria Martin, 2013, 
“Energy analysis of a fuel cell system for commercial greenhouse 
applications”, March 2013, Stockholm  

Technical Report, Amir Abbas Sohani, Amir Vadiee, Chris Bales,       
“A case study dynamic simulation system:  Thermal energy stor-
age in the closed greenhouse with water storage tank in Stock-
holm”, March 2013, Stockholm 

Licentiate Thesis, Amir Vadiee, “Energy analysis of closed green-
house concept”, ISBN 978-91-7501-146-2, ISSN:1100-7990, Stock-
holm, 2011  

Conference Paper, Amir Vadiee, Viktoria Martin, 2010, “solar energy 
utilization in closed greenhouse environment”, EUROSUN Confer-
ence 2010, (Paper ID:129275), Graz, Austria 2010 

Technical Report, Amir Vadiee, Viktoria Martin, 2010, “Energy Sav-
ings in Closed Greenhouse through Integrated Seasonal Energy 
Storage; State of the Art” (KTH/HPT-05/10) 



 11 

Contributions to the Appended Papers  

I am the main corresponding author of the appended papers 1 to 5, 
where I contributed with system modeling, data analysis and write up. 
Paper 6 is a joint publication and I contributed with system analysis, 
thermoeconomic assessment and write up.  I am the second author of 
paper 8, where I contributed with the concept idea, part of the system 
modeling, data analysis and paper revision.  I was also the supervisor of 
the main author conducting his MSc thesis work on the topic. All work 
was done under the supervision and guidance of Assoc. Prof. Viktoria 
Martin.  

Thesis Outline  

 
This thesis contains 6 chapters including a thermoeconomic  assessment 
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this study.  
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Abbreviations and 
Nomenclature 
𝐴 Surface area {m2} 

𝐶 Concentration {kgm-3} 

𝐶𝑝 Specific heat in constant pressure {Jkg-1K-1} 

𝐹 View factor {-} 

𝐼 Radiation energy {Wm-2} 

K Empirical constant {-} 

𝐿 Heat of vaporization {kJkg-1} 

𝐿𝑒 Lewis number {-} 

M Moisture capacitance  {kg H2O} 

𝑄 Energy transfer in terms of heating of cooling {W} 

𝑅 Resistance {sm-1} 

𝑇 Temperature {K} 

𝑈 Conduction heat transfer coefficient {Wm-2K-1} 

𝑉 Volume {m3} 

𝑊 Water amount {kgday-1} 

𝑋 Humidity ratio {kg (H2O) kg-1(dry air)} 

𝑓 Functional parameter {-} 

ℎ Convection heat transfer coefficient {Wm-2K-1} 

𝑘 Mass transfer coefficient {ms-1} 

𝑙𝑓 Mean leaf width {m} 
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𝑚 Mass {kg} 

Greek Symbols 

𝛼 Radiation absorption coefficient {-} 

𝛽 Radiation reflection coefficient {-} 

𝛾 Multiplication factor {-} 

𝛿 Thermal diffusivity of the ground (Soil) {m2s-1} 

𝜀 Radiation emissivity coefficient  {-} 

𝜂 Heat recovery factor {-} 

𝜃 Slope of solar collector surface  

𝜆 Thickness of absorber plate in solar blind system 

𝜌 Density {kg m-3} 

𝜎 Stefan-Boltzmann constant {Wm-2K-4} 

𝜏 Radiation transmission coefficient {-} 

𝜗 Wind speed {ms-1} 

𝜑 Infiltration flow rate {m3s-1} 

Subscripts 

𝐴 Object A 

𝐵 Object B 

𝐸𝑇 Evapotranspiration rate {kgday-1} 

𝑎 Indoor greenhouse air 

adj Adjacent zone 

𝑎 − 𝐻2𝑂 Water vapour at the greenhouse indoor condition 
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𝑎 − 𝑐 Correlation between indoor air and the crop 

𝑎 − 𝑟𝑖 Correlation between indoor air and the inside of the cover 

𝑎 − 𝑟𝑜 Correlation between indoor air and the outside of the cover 

𝑎 − 𝑠 Correlation between indoor air and the soil 

𝑏𝑜𝑖𝑙𝑒𝑟 Boiler 

𝑐 Crop  

𝑐 − 𝐻2𝑂 Water vapour at the temperature of the crop 

𝑐𝑑  Ventilation discharge coefficient  

𝑐𝑛 Greenhouse cooling net 

𝑐𝑜𝑛𝑑 Conduction heat transfer 

𝑐𝑜𝑛𝑣 Convection heat transfer 

𝑐𝑝𝑙𝑔 Coupling zone 

𝑐𝑜𝑣𝑒𝑟 Greenhouse cover 

𝑐𝑤  Wind discharge coefficient 

𝑑 Drained out from the greenhouse 

𝑑𝑖𝑓 Diffusion 

𝑑𝑝 Dew Point 

𝑒𝑓𝑓 Effective 

𝑒𝑞 Equivalent 

𝑓𝑙𝑜𝑜𝑟 Greenhouse floor 

𝑓𝑜𝑟𝑐𝑒 Force ventilation 

𝑔𝑐 Convective gain 



 16 

𝑔ℎ Greenhouse 

𝑖 Zone i 

𝑖𝑛 Inside 

𝑖𝑛𝑓 Infiltration 

𝑖𝑟 Irrigation system 

k Thermal conductivity 

𝑙 Leaf 

𝑙𝑎𝑡 Latent energy  

𝑙𝑒𝑎𝑘 Leakage 

𝑙𝑤 Long wave radiation 

𝑛𝑎𝑡𝑟𝑢𝑎𝑙 Natural ventilation 

𝑜 Outdoor 

𝑜𝑏𝑗 Object 

𝑜𝑢𝑡 Outside 

𝑝 Plant 

𝑟 Radiation term 

𝑟𝑜 − 𝑜 Correlation between outdoor greenhouse air and outside of 
the cover 

𝑠 Greenhouse’s spans 

𝑠𝑒𝑡 Set point 

𝑠𝑘𝑦 Sky 

𝑠𝑜𝑖𝑙 Soil 

𝑠𝑢𝑟𝑓 Surface 
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𝑠𝑤 Shortwave radiation 

𝑡 Time 

𝑡𝑜𝑡 Total 

𝑣𝑒𝑛𝑡 Ventilation terms 

𝑣𝑒𝑛𝑡𝑤 Water vapour in the ventilation air source 

𝑤 Water vapour 

𝑤𝑖𝑛 Ventilation windows 

Abbreviations 

ACH            Air Change per Hour 

COP              Coefficient of Performance 

EP                Energy Productivity 

ER                Energy out-in Ratio 

SER              Surplus Energy Ratio 

koe               Kilogram Oil Equivalent 

PBP              Payback Period  

PCM             Phase Change Material 

ppm               Part Per Million  

TES              Thermal Energy Storage 
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1 Introduction 

In recent decades, sustainability and sustainable development have been 
at the centre of attention. Sustainable development consists of four ma-
jor domains including: Economics, Politics, Culture and Ecology [1]. The 
Ecological domain is one of the most challenging issues in the circle of 
sustainability, with almost all categories not being even satisfactory [1] 
(Figure 1). 

Highly Unsatisfactory
Bad

Good
High Satistfactory
Satisfactory +
Satisfactory
Satisfactory -

Vibrant
Good
High Satistfactory
Satisfactory +
Satisfactory
Satisfactory -
Highly Unsatisfactory
Bad
Critical

 

Figure 1 Satisfactory levels in various domains and subdomains of sustainability 
(based on annual review 2011 Global Cities [1]) 

In the ecological domain, almost all aspects are interrelated with agricul-
ture: energy, food, water and environment. Thus, it is motivated to inves-
tigate various cultivation methods with aim of satisfying the sustainability 
criteria. The commercial greenhouse is one of the most effective cultiva-
tion methods with a yield per cultivated area up to 10 times more than 
free land Cultivation. Commercial greenhouses are used to grow plants 
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in order to reach better quality and protect them against natural envi-
ronmental effect such as wind or rain. Another benefit is giving the abil-
ity for out of season cultivation. Although a higher production yield can 
be obtained in commercial greenhouse, as compared to free land cultiva-
tion, superior energy and water demand is required for the commercial 
greenhouse productions. Moreover, the investment and energy cost are 
considerably larger in the commercial greenhouses than any other horti-
cultural sector due to the micro climate control systems in the green-
house [2]. After labor cost, energy is typically the largest overhead cost in 
the production of greenhouse crops [3]. Therefore energy conservation 
in the commercial greenhouse has been emphasized in recent years in 
order to sustain cost efficient crop productions. 

Here, a statistical assessment has been considered to obtain a better un-
derstanding of energy management issues in the commercial greenhouse. 
The total energy demand in the agricultural sector in the Sweden, as the 
case study, was about 4’400 GWh in 2008 [4].  Of this amount, 2’300 
GWh was supplied by diesel for the horticultural machineries, 890 GWh 
was covered by electricity and 1’210 GWh was supplied mostly by fuel 
oil and biomass for heating purpose [5]. In the same year the total energy 
utilized to cover the heating demand in the Swedish greenhouse sector 
was 694 GWh which is about 15% of the total energy demand in the ag-
ricultural industry in the Sweden [4]. However, for Northern climate, the 
heating energy demand in a commercial greenhouse represents 65% to 
85% of total greenhouse energy demand [3]. Furthermore, the total en-
ergy supply for heating has increased by 50% from 2008 to 2011 [2]. 

Figure 2 shows that the fossil fuel was still dominating (more than 50%) 
with regards to covering the heating demand in greenhouses in Sweden 
until 2008, while it was reduced to 25% by 2011. However by consider-
ing the energy demand increment in the greenhouse sectors, fossil fuel 
still makes up a significant part of the supply towards heating. Therefore, 
any reduction in the energy demand leads to a considerable impact to-
wards improving sustainability in greenhouse operation. 
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Figure 2 Comparison in energy mix for the commercial greenhouse in Sweden in 
2008 and in 2011 

1 . 1  O b j e c t i v e s   
The main objective of this study is to assess the opportunities for im-
proving the energy performance in the commercial greenhouse in order 
to address the sustainability concept.  The energy performance im-
provement has a direct impact on climate change mitigation. However, 
on the other hand, the lower annual cost can be obtained by energy sav-
ing opportunities which increase competitiveness of the Swedish Green-
houses as compared to other producers in Europe and around the world. 
The influence on climatic conditions is also discussed with a special fo-
cus given on Nordic conditions using Sweden as the case study. The rea-
sons for this choice are: the significant heating demand in the commer-
cial greenhouse sector, as well as the potential of greenhouse cultivation 
to allow for out-of-season production of crops in this climate.  

This project is defined: 

1. To survey the Energy performance of Swedish commercial 
greenhouse sectors and the corresponded carbon dioxide emis-
sion 

2. To study the energy saving methods and to evaluate the eco-
nomic viability of the proposed methods 

3. To assess the closed greenhouse concept as a multidimensional 
energy saving opportunity which are expected to be one of the 
most energy efficient and economic energy saving opportunity 

4. To assess the effect of the suggested solution on competitive-
ness of the greenhouse industry in Sweden 
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5. To suggest an energy management pathway in reference to the 
most economic and technical feasible system 

6. To evaluate the effect of the suggested opportunities on CO2 
mitigation 

1 . 2  M e t h o d o l o g y  
 

With the proposed objectives, the opportunities in energy performance 
improvement have been assessed, summarizing them into three catego-
ries: low, medium and high impact on the energy demand reduction. 
Thereafter, the high impact opportunities have been further explored in 
order to assess their cost effectiveness as well as measuring the energy 
saving by each opportunity.  

To aid the assessment, a conventional greenhouse is modeled (as a refer-
ence model) using TRNSYS and the results are validated using the real 
measured data from the case study, Slottsträdgården Ulriksdal. Then, the 
proposed energy saving opportunities is studied separately and the re-
sults are compared with conventional greenhouse. Furthermore, the 
closed greenhouse concept is introduced as a multidimensional energy 
saving method which is designed to minimize the greenhouse energy 
demand. In addition, a sensitivity analysis has then been studied for as-
sessing the impact of each proposed opportunities, including the closed 
greenhouse concept, on the greenhouse energy performance.  

The economic viability of each proposed opportunity is also assessed us-
ing a simple payback period time. Based on the obtained outcomes from 
the energy performance analysis and the literature reviews, the energy 
management pathways are discussed for three climatic regions including 
northern (cold), temperate, hot arid and tropic climate conditions. The 
most promising alternatives for each climate condition have been pro-
posed in a pathway for effective management of the greenhouse using a 
morphological chart. Moreover, the environmental impact due to the 
proposed energy saving methods is evaluated by assessing the CO2 emis-
sion reduction. Finally, the solar blind system is introduced as the most 
promising CO2 mitigation methods.  

This study is based on four journal papers and four conference peer-
reviewed papers which their contribution to the proposed objectives is 
summarized in the following table. 
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Table 1 overview of paper contribution on the research goals 

Goals Papers 

1 1 , 2 

2 2 

3 3,4,5 

4 2,6 

5 4 

6 7,8 
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2 Energy saving methods 
for commercial  
g reenhouses 

Energy cost is the second major annual cost in the commercial green-
houses, next after the labor cost [6]. After the energy crises in the early 
seventies, numerous researches were undertaken to study the possible 
energy saving methods [7, 8]. During the eighties and the nineties, the 
concept of energy saving for the greenhouse had become unremarkable 
due to the cheap energy price [8]. However, in the following decade, the 
energy performance improvement in the commercial greenhouse became 
an important issue with increasing energy price. For example, E.Runkle, 
J.W Bartuk, A.Both, M.Brugger, I.Eugeune, M.Djevic, B.Nelsson , Jahns 
and G.Vox have tried to clarify why energy performance improvement is 
necessary for the commercial greenhouse sectors and they suggest a 
combination of energy saving opportunities to reduce the annual energy 
cost of commercial greenhouse [3, 6, 9, 10, 11, 12, 13, 14, 15]. additional-
ly, some other researcher such as K.Brunk and Ed.Mah studied on night 
sky radiation and thermal curtain, respectively as an alternative for energy 
performance improvement in the commercial greenhouse [16, 17]. In 
this Chapter which is based on paper 1 and 2, some of the proposed op-
portunities for saving energy in the greenhouse have been assessed. 
These opportunities are categorized as single and multidimensional ener-
gy saving methods. In the single energy saving methods, only one single 
solution will be considered to improve the energy performance of green-
house; however, in the multidimensional methods, a combination of sin-
gle energy saving methods is considered.  

2 . 1  S i n g l e  e n e r g y  s a v i n g  m e t h o d s  
In order to assess the energy saving methods for the commercial green-
houses, the principle of heat gains and losses in the greenhouse needs be 
studied first. The greenhouses operate based on the greenhouse effect 
(Figure 3). Then, the short wavelengths of solar irradiation which are vis-
ible light can pass through the greenhouse glazing, and absorbed by the 
objects on the other side. The heated objects will re-radiate longer wave-
lengths which are infrared and cannot totally pass through the transpar-
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ent medium. The temperature will increase due to the accumulation of 
long wavelength radiation. Higher CO2 concentration level, due to the 
plants transpiration, can stimulate these phenomena; since carbon diox-
ide is fairly good infrared radiation absorbent, thus retaining the heat in 
the greenhouse. Although the radiation is considered as the main source 
of heat gain in the greenhouse but it has also a considerable impact on 
the night time heat loss due to long wave radiation passed through the 
glazing. In the night time, the structure as well as plants and all other 
greenhouse interior objects are warmer than the ambient temperature, 
and they emit heat in the form of infrared (IR) radiation. This phenome-
non called radiation cooling and considered as a source of heat loss in 
the greenhouses [18].  

Sun’s 
short wave

Long wavelengths 
radiated to the 

atmosphere

Infrared rays radiate 
from ground and 

cannot pass through 
the glass

Short waves 
heat the 
ground  

Conduction and convection are the other ways in which heat losses or 
gains occur in a greenhouse. Conduction heat loss occurs mainly be-
tween the greenhouse floor and the soil, and also through the green-
house glazing [19]. Natural and force ventilation process as well as infil-
tration, are known as the main convection heat fluxes in the greenhouse.  

Ventilation (natural or force) will be used in the conventional greenhous-
es in order to regulate the indoor climate control and mainly humidity 
level. Usually, the greenhouse needs to be heated up at the same time to 

Figure 3 Radiation energy flow in the greenhouse [18] 
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compensate the heat losses through the ventilation windows; resulting in 
an extra energy cost for the grower.  There are also some other im-
portant convective heat fluxes in the greenhouse such as, convective heat 
flux from indoor air to the crop, soil and the roof; this needs to be con-
sidered in the greenhouse energy balance. The more detailed correlations 
and equations in greenhouse energy balance have been presented in Ap-
pendix I.  

A schematic of the main heat losses and gains energy flow in the green-
house has been demonstrated in the following figure. 
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Thermal 
radiation loss

Equipment heat

 

Figure 4 Heat loss and heat gain fluxes in the greenhouse  

Nederhoff and Bartok [20, 6] have separately evaluated a number of en-
ergy saving methods. The conclusion of their evaluations are summa-
rized in Table 2 and categorized into three groups. The alternatives given 
in the first group promise 1% to 2% energy saving in the commercial 
greenhouse. However the energy saving can be increased up to 5% by 
applying the medium impact (second group) category and it can be im-
proved 5% more by any alternatives belonging to the high impact (third 
group) category.  Although some single improvement solutions have a 
low and medium impact, they still may lead to a considerable energy sav-
ing. For example by closing the ventilation windows properly, the heat-
ing power demand can be reduced by 7 Wm-2 which is about 10% of 
peak heating demand in a commercial greenhouse [6]. The peak load has 
a direct influence on the sizing of the thermal systems (e.g. storage sys-
tem) affecting both the system investment and annual cost. Therefore, 
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although a single opportunity may have a low or medium impact on the 
annual energy saving but it may have a considerable impact on the other 
issues. An in-depth thermo-economic assessment of the energy saving 
means in the commercial greenhouse are given in chapter 4. 

Table 2 Alternative means for energy performance improvement in 
a greenhouse (based on Nederhoff and Bartok evaluation) [20, 6] 
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• Pass the heating pipes along the greenhouse wall with suffi-

cient space between them 
• Using insulation into the boiler house’s walls 
• Using variable speed or frequency controlled pumps 

 

M
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 im
pa

ct
 (3
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) 

 
• Repair the gaps and cracks in the greenhouse structure 
• Keep the ventilation windows and fans closed/shut off 

while they are not used 
• Install the heating pipes as close to the cultivated area as 

possible 
• Insulate the heating and cooling pipes and ducts 
• Ensure regular system maintenance 
• Insulate the greenhouse foundation and sidewall 
• Minimize the light blocking object above the crop 
• Calibrate and regulate the ventilation windows hydraulic sys-

tem 
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• Using the heating system with high efficiency (higher per-

formance) 
• Using highly efficient artificial lighting system  
• Using highly accurate climate control system 
• Regular maintenance of the weather station 
• Using short and long term thermal storage system 
• Optimizing the CO2 enrichment control system 
• Using thermal screen  
• Using better insulation in the greenhouse construction 
• High performance glazing system  
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In this study, a number of high impact energy saving opportunities has 
been assessed; consisting of the following greenhouse issues: 

• Heating distribution systems  
• Thermal screen  
• Covering material 
• Wall insulation 
• Supplementary artificial lighting system 

2 . 1 . 1  H e a t i n g  d i s t r i b u t i o n  s y s t e m s  
 

Temperature has a direct impact on the cultivation process and the op-
timal temperature is different depending on the crops and on the cultiva-
tion procedure [21]. With the aim of rapid growing, the greenhouse cli-
mate should be kept close to the optimal temperature during the whole 
cropping period [21]. Although, solar radiation can provide a large por-
tion of the heating demand of a greenhouse, a supplementary heating 
system is needed also to cover the heating demand in the night time, and 
for overcast days. There are many parameters that should be considered 
in the design of a greenhouse heating system. These parameters can be 
divided into three subjects [22]: 

• Obtaining a uniformly distributed temperature gradient in the 
greenhouse in order to have uniform growing and avoid local 
condensation. 

• Keeping the leaf temperature above the dew point to avoid con-
densation on the plant 

• Lowering energy consumption as much as possible 

Vented unit heaters are quite popular in the commercial greenhouses due 
to their relatively low capital and installation costs [23]. The unit heaters, 
usually, use natural gas or heating oil for fuel. The generated heat will be 
transferred by the combusted gas to the greenhouse air through a heat 
exchanger. Then, the exhausted gas vented outside the greenhouse 
through a duct [23]. In this study, four types of unit heaters have been 
assessed: atmospherically vented, power vented, direct vented and high 
efficiency condensing vented unit heaters. 

In the atmospherically vented (gravity vented) method, the flue gas will 
exhaust to the outside greenhouse based on the thermal buoyancy effect. 
The continuous heat loss through the vent pipe and back drafting are the 
main problems with this method [23]. In the best condition, the seasonal 
thermal efficiency, including all energy losses within combustion and 
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piping system, in this type of unit heater will not exceed more than 65% 
[11]. 

However, in the power vented unit heaters, a blower is considered to as-
sure the proper exhaust of combustion gas which leads to the thermal 
buoyancy losses reduction. In the power vented unit heater, the blower 
will only operate when the combustion is firing. Therefore, the seasonal 
thermal efficiency in this method is typically about 78% [11] which is 
higher in comparison to the atmospherically vented unit heaters. 

The direct power vented unit heater, which is also called separated-
combustion unit heater, is a power vented heater while it has a separate 
intake duct for combustion air. In the direct power vented unit heater, 
the combustion air is totally supplied from the outside fresh air which it 
reduces the performance, durability and maintenance concerns in humid, 
dusty or corrosive environment [23]. The seasonal thermal efficiency of a 
typical direct power vented heater is about 80% which is a bit higher 
than a power vented unit heater [11]. 

The high efficiency condensing heater is a direct power heater system in 
which the moisture of the flue gas will be condensed to squeeze out 
more energy per unit of fuel. Therefore, similarly as in the direct vented 
heater, it uses a power vented exhaust and fresh outside air as the com-
bustion air. The acidic condensate exhaust gas will be drained out from 
the system [23]. The seasonal thermal efficiency in this type of heater can 
be reached up to 93% [23]. 
 

2 . 1 . 2  T h e r m a l  s c r e e n   
Thermal screen, which is also named thermal blanket, solar shading and 
night curtain; can be used for reducing the nighttime heat loss as well as 
reducing the cooling demand by blocking the solar radiation [24]. By us-
ing a thermal screen for the nighttime, the thermal resistance of the 
greenhouse will be increased; therefore, the nighttime heat loss will be 
reduced considerably. Former studies show that by using a thermal 
screen in the nighttime the heating cost can be reduced by 30%-50%. 
Additionally, the thermal screen has been considered as an efficient cool-
ing method for the commercial greenhouse resulting in some electrical 
energy saving due to the lower cooling demand in the sunny summer 
days [25]. 
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2 . 1 . 3  C o v e r i n g  m a t e r i a l  
 

Glass, polycarbonate, polyethylene film (poly film), acrylic and fiberglass 
are the most common covering materials used in the commercial green-
houses [11]. Glass is the original greenhouse glazing material, but has 
been replaced by poly film glazing in modern, energy efficient commer-
cial greenhouses [26]. The glass has the highest transmissivity among 
covering alternatives, while it has lower thermal resistance in comparison 
with the other glazing type. The glass glazing has high life expectancy.  

Polycarbonate, as the greenhouse glazing, has a better performance in 
comparison to the glass glazing due to lower long wave and heat trans-
mission factor [11]. A special long life surface treatment is needed for the 
polycarbonate glazing since otherwise it will degrade in a few years [26]. 
The other big advantage of polycarbonate glazing is its impact strength 
which makes it unbreakable and shatterproof [26]. 

The main characteristic of the polyethylene film (poly film) is the fairly 
low capital and installation costs. However, the life time is less than 5 
years.  

A selected combination of glazing can be considered as greenhouse cov-
ering. An example of such a greenhouse covering is an “Infrared Anti-
Condensate glazing, (IRAC)” with an outer layer of polyethylene. High 
thermal resistance and low life expectancy are the most distinguished ad-
vantage and disadvantage of this glazing, respectively [11]. 

Infiltration ratio, which is known as a source of heat loss in the green-
house, is highly dependent on the greenhouse covering. Glass glazing has 
the highest infiltration ratio (1.0 to 1.5 ACH in a new structure) while the 
double polyethylene has the lowest one (0.5 to 1.0 ACH in a new stuc-
ture). Polycarbonate glazing with an air infiltration ratio between 0.75 to 
1.25 ACH has a higher infiltration in comparison with poly films and a 
lower one comparing with glasses [6].   

The summarized characteristic of common greenhouse glazing material 
is presented in Table 3 based on the former studies by Eugene and 
Thomas R. Jahns [27, 11]. 
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Table 3 typical covering material in commercial greenhouse [27, 11] 

Material Life 

(year) 

U-Value 

(Wm-2K-1) 

R-Value 

(m2KW-1) 

Short wave 
transmisivity   
(%)  

Long wave 
transmisivity  
(%) 

Single glass 25 6.25 0.16 85-92 3 

Double glass 25 3.98 0.25 75-81 1 

Single         
polyethylene 

2-5 6.25 0.16 83-89 71-80 

Double       
polyethylene 

2-5 3.98 0.25 76 63 

Single         
polycarbonate 

10 5.68 0.18 87 3 

Double       
polycarbonate 

10 3.41 0.29 79 2 

Single layer 
Acrylic 

20 5.68 0.18 93 5 

Double layer 
acrylic 

20 3.41 0.29 83 3 

Fiberglass 10-15 5.68 0.18 80-88 3 

IRAC 4 1.4 0.71 76 - 

 

2 . 1 . 4  W a l l  i n s u l a t i o n  
 

The greenhouse needs to be covered by translucent material as much as 
possible. However, depending on the plant’s benches position, some part 
of the greenhouse wall can be insulated (typically from the sill board up 
to the bench height) [26]. By considering the wall insulation, the heat loss 
through the glazing, due to the conduction and radiation long wave radi-
ation, will be reduced. 
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North wall insulation in the commercial greenhouses located in northern 
climate condition is controversial. In the overcast days, the required nat-
ural light for crops is obtained with the indirect lights, which are mostly 
reflected from the clouds, snow and the surrounding objects. Therefore, 
by insulating the north wall, this received natural light will be reduced 
considerably [26]. However, in the summer sunny days, the north wall 
insulation helps for heat retaining inside the greenhouse by reducing the 
conduction heat loss [26]. Polyethylene and polystyrene are two common 
insulation materials used in both residential and commercial buildings 
such as greenhouses [11].   

2 . 1 . 5  S u p p l e m e n t a r y  a r t i f i c i a l  l i g h t i n g  
s y s t e m  

 

Supplementary illumination in the commercial greenhouse is highly de-
pendent on the types of crops and period of cultivation (e.g. seeding or 
propagation period). Typically, the illumination level in the commercial 
greenhouse is not less than 3 Wm-2 and it is not more than 25 Wm-2 for 
various types of flowers and vegetables [28]. As a rule of thumb, a lower 
irradiation level over a longer period has a better effect on the cultivation 
process rather than a high amount of irradiation over a short time; for 
example, using a continuous 5 Wm-2 for 10 hours is better than using 10 
Wm-2 for 5 hours [28]. However, in this study, in order to keep the sim-
plicity, the daily lighting requirement has been assumed to be 20 Wm-2 
for 18 hours. 

Sweden, as a case study, has an annual global radiation averaging be-
tween 750 to1100 kWhm-2 with 1100 to 2000 hours of sunshine [29]. 
The average daily hours of sunshine in Sweden has been summarized in 
Table 4 based on the “Swedish Metrological and Hydrological Institute” 
(SMHI) database [29]. Therefore, by considering the 18 hours required 
lighting per day, in combination with Table 4, the annual artificial lighting 
for the case study is 4650 hours. The typical annual artificial lighting for 
Mediterranean climate condition is about 2500 hours [28]. 
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Table 4 Monthly average of day-light and global radiation in Sweden [29].   

Month 

Average sunny 
hours per day 

(hours) 

Global radiation 

(kWhm-2) 

January 1 15 

February 3 25 

March 6 65 

April 6 110 

May 10 140 

June 8 170 

July 8 150 

August 7 120 

September 5 75 

October 4 35 

November 1 20 

December 1 6 

 

There are three type of supplementary lighting system which is usually 
used in the commercial greenhouses: incandescent, fluorescent and dis-
charge light sources. 

The incandescent lighting system has the lowest lighting efficiency (12-26 
Lumen per Watt) as compared to other artificial greenhouse lighting sys-
tem. The incandescent lamps radiate as a result of heating of a tungsten 
filament; however, only 15% of the input energy is converted into the 
radiation in the PAR (Photosynthetically active radiation) range and the 
rest is converted to infrared radiation and thermal energy. The wave 
band between 400 nm to 700 nm is known as PAR range which is essen-
tial for the photosynthesis process [28] 
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Fluorescent lamps (e.g. T8 fluorescent tubes) have higher lighting effi-
ciency and life span in comparison with incandescent lamps [11]. The 
typical lighting efficiency for various types of fluorescent lamps varies 
between 50 to 85 (lumens/Watt) [28].  

“Metal halide” and “High pressure sodium” are two common types of 
high intensity discharge lamps. Although the metal halide provide the 
most optimal spectral distribution, the high pressure sodium is more ef-
ficient concerning energy conversion [28]. The typical radiant efficiency 
for the metal halides is 80 to 90 (lumens/Watt) while it is about 117 (lu-
mens/Watt) for high pressure sodium [28]. The high pressure sodium 
has the longest life expectancy (15000 to 24000 hours) among the stand-
ard illumination sources used in the greenhouse [28]. 

 

2 . 2  T h e  c l o s e d  g r e e n h o u s e  c o n c e p t   
 

The closed greenhouse is a multidimensional energy saving concept 
which has been introduced by a European-wide research institute 
(Ecofys) [30]. Through the closed greenhouse concept, it is expected to 
have not only energy conservation improvement but also a considerable 
water consumption reduction, pesticides and costs besides increasing the 
production rate.  

A fully closed greenhouse refers to a greenhouse which doesn’t have any 
ventilation windows in order to release the excess humidity or reduce the 
indoor temperature. There are two more practical forms of the closed 
greenhouse, they are called semi-closed greenhouse and partly closed 
greenhouse. In the semi-closed greenhouse, some “controlled ventila-
tion” will be used to reduce the peak cooling demand and excess humidi-
ty; while in the partly closed greenhouse, a portion of the greenhouse ar-
ea is considered as fully closed (without any ventilation) and the rest of 
the area is considered a conventional part. 

An ideal closed greenhouse is designed to minimize the overall heat loss-
es by reducing the ventilation and infiltration loss as a result of closing 
the ventilation windows. The conduction heat loss as well as long wave 
radiation heat loss has been also minimized by considering the proper 
glazing type in the ideal closed greenhouse. The electricity demand has 
also been reduced in the closed greenhouse concept by using the high ef-
ficient supplementary illumination system.  
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Former studies on the closed greenhouse concept indicate that the pro-
duction yield can be increased up to 20% while the total primary energy 
demand will be reduced by 30-40% [31]. In another study, Paksoy [32] 
compared a conventional and closed greenhouse on a number of param-
eters for Turkish conditions. This comparison showed that with 25% 
higher capital cost, the fruit yield increased with nearly 40% and annual 
cost of energy was only 1/3 of that of the conventional greenhouse. 
Therefore, although the closed greenhouse concept may have high in-
vestment cost, it still can be cost effective due to the higher yield as well 
as lower energy cost. A yield and economic comparison between the 
greenhouse integrated with TES system and conventional greenhouse is 
presented in Table 5. This comparison is based on Paksoy’s presentation 
in Annex 22 experts’ meeting at 2009, Halifax, Canada. [33]. 

Table 5. Yield and economic comparison between ATES greenhouse and conventional 
greenhouse based on Paskoy’s presentation at IEA 2009 experts’ meeting [34]. 

Type of 
Greenhouse 

Plant 
height 

(cm) 

Plant 
fresh 
weight 
(g/plant) 

Energy 
cost 
(USD/year) 

Investment 
cost  
(USD) 

Operation 
cost 
(USD/year) 

ATES 
Greenhouse 

155 1405 825 37.5 7.35 

Conventional 
greenhouse 

138 1258 2400 30 17.25 

 

The main characteristic of a closed greenhouse is the improved control 
of the temperature, humidity and CO2 concentration. This is the reason 
for the higher yield, as well as the technical benefits such as reduced heat 
loss and avoided excess energy consumption. For example, environmen-
tal independency of the closed greenhouse gives this possibility to main-
tain a favorable level of CO2 [35].  About 90% of supplementary CO2 
will be lost through the ventilation windows in the conventional green-
house. In the closed concept, CO2 can be maintained around a level of 
1200 ppm as compared to 800 ppm in a conventional greenhouse [30]. 

The key point in the closed greenhouse concept is utilizing the excess 
heat, in both forms of latent and sensible heat, by using a more advanced 
and well controlled air handling unit (AHU) integrated with an efficient 
TES. The cooling demand inside the greenhouse will be covered by    
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absorbing the excess heat and it will be stored using thermal storage in 
order to supply the daily and annual heating demand of the greenhouse 
[36].  A literature survey has been performed on different types of indoor 
climate control methods in the commercial greenhouses and the result 
has been discussed in the appended paper 1. 

As previously mentioned, thermal energy storage is the main part of the 
closed greenhouse concept. Thermal energy storage needs to be designed 
based on the heating and cooling load which is quite dependent on the 
greenhouse conditions and horticultural application. A buffer water tank 
can be considered as a short term thermal storage in order to eliminate 
the daily mismatch in the heating and cooling demand as well as handling 
the hourly fluctuations in demand. An underground thermal storage sys-
tem such as aquifer thermal energy storage (ATES) or borehole thermal 
energy storage (BTES) can be used as seasonal storage. A heat pump will 
be coupled to the seasonal storage system in order to provide the re-
quired temperature in the heat exchangers inside the greenhouse for 
heating purpose. Therefore, in the closed greenhouse concept, the re-
quired external energy for heating purpose is shifted from the fuel to 
electricity for running the heat pumps.  In this study, the borehole ther-
mal energy storage (BTES) has been considered as the seasonal storage 
method, with the PCM and stratified chilled water (SCW) as the short 
term storage methods investigated.  

Operating at low temperature difference is the main technical challenges 
for designing the heat exchanger in the closed greenhouse [19].  For this 
purpose, “Fine-Wire heat exchanger” (FiWihex) is an efficient heat ex-
changer capable of transferring a large amount of heat from water to air 
(heating) or from air to water (cooling) while the temperature difference 
is very low. Additionally, the FiWihex gives the possibility for using an 
efficient heat pump resulting in more energy saving in the closed green-
house concept [37]. 
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 In fact, the closed greenhouse concept is a cutting edge technology ad-
dressing the “energy efficient building” issue. A closed greenhouse, can 
not only be independent of any external fuel for heating purpose, but 
can also be utilized as secondary heating system for the surrounding 
buildings or even as pre-heater, re-heater unit in the CHP [38, 39, 36]. 
Figure 5 presents a summary of advantages and challenges of the closed 
greenhouse concept. The more detailed information about the former 
studies in closed greenhouse concept has been given in paper 1.  

 

 

 

Challenges Advantages 

Figure 5 A summary of advantages & challenges in the closed greenhouse concept 
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3 Greenhouse system 
modeling 

In the previous chapter, some opportunities in saving energy for com-
mercial greenhouse have been introduced; including single methods (e.g. 
greenhouse glazing, etc.) and multidimensional method (i.e. closed 
greenhouse concept). Therefore, a combination of theoretical modeling 
for an energy analysis with a thermo economic assessment is needed in 
order to evaluate the proposed energy saving opportunities performanc-
es. Accordingly, a conventional greenhouse has been modeled (called 
reference model in this study) using TRNSYS and validated using the 
obtained real data from a case study. Here, the Ulriksdal slottstägården 
[40] has been selected as a commercial greenhouse case study. After vali-
dation, a number of the proposed energy saving alternatives (e.g glazing 
type and wall insulation) is directly considered in the model and the re-
sults have been compared with the reference model. However, the re-
maining proposed opportunities (e.g. heating distribution system and 
thermal screen) have been evaluated analytically based on the obtained 
results from the reference model.  

In order to evaluate the energy performance of the closed greenhouse 
concept (including semi-closed and partly closed greenhouse), the refer-
ence modeled has been modified by considering: 

• a double glazing instead of single glazing 
• wall insulation in the greenhouse perimeter  
• high pressure sodium supplementary lighting system 
• a controlled ventilation system for semi-closed  
• a minimized amount of infiltration as a result of  better insula-

tion, covering and heating distribution system 

Detailed information about the governing equations and assumptions 
considered for the reference model is given in this chapter which is con-
ducted based on paper 3. 
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3 . 1  R e f e r e n c e  m o d e l  
The Ulriksdal greenhouse has been chosen as the case study model for a 
conventional greenhouse using TRNSYS. The Ulriksdal is a conventional 
greenhouse which produces flowers and has 4600 m2 cultivation area in-
cluding a public and a non-public section. In the public area, which is 
about 1900 m2, the customers can walk through it and choosing their de-
sired plant while in the non-public section, with an area about 2700 m2, 
is used mainly for growing plants which are not yet ready for sale. The 
greenhouse staffs are the only persons who are allowed access to the 
non-public part. Therefore, a “Multi-zone building” module, known as 
type 56 in TRNSYS, has been considered in order to model the green-
house. To have more realistic results, special greenhouse conditions 
(such as tilt roof or evapotranspiration) was considered separately in user 
defined modules .  

 

 

 

 

 

Figure 6 The layout of the greenhouse system model developed by TRNSYS 

3 . 1 . 1  E n v i r o n m e n t a l  i s s u e s  
In order to simulate the weather data including the solar radiation, wind 
velocity, ambient temperature and humidity, and other climate infor-
mation, the greenhouse model is connected to a weather data base called 
Meteonorm published by METEOTEST [41]. Stockholm has been cho-
sen as the location according to the case study; representing the Nordic 
climate condition. The greenhouse performance in the other locations 
can be easily studied by using this model and by changing the defined lo-
cation in the weather modules (TRNSYS type 109). 

3 . 1 . 2  G r e e n h o u s e  C o n s t r u c t i o n  
Greenhouse covering is the main construction issue which needs to be 
considered in the greenhouse model. As compared to residential or other 
types of commercial buildings, such as offices or hospitals, the green-
house is covered almost totally by translucent material. In the reference 
model, it is assumed that the 99% of the greenhouse wall area is covered 
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by glazing. With regards to the greenhouse structure, two single gable 
greenhouses have been considered in the reference model. The tilt angle 
of the roof is defined to be 26° according to the case study. The orienta-
tion of the greenhouse in the reference model has been considered to be 
rectangular East-West direction, the length of greenhouse in South- 
North direction is 75m and the width of greenhouse in East-West direc-
tion is 62m.  

3 . 1 . 3  O p e r a t i n g  c o n d i t i o n s   
Previous studies have shown that evapotranspiration has a decisive role 
in the greenhouse indoor climate control [42]. Plants generate saturated 
water vapor due to this phenomenon. To assess its importance, the in-
door greenhouse temperature has been determined with and without 
considering the evapotranspiration effect. For this purpose, an analytical 
solution for finding the evapotranspiration rate has been used to calcu-
late an indoor temperature which is more realistic than if an empty 
greenhouse had been considered.  

In the greenhouse, humidity is one of the most important parameters to 
track and control with accuracy. Humidity has a direct impact on the 
growing condition. Humidity can be expressed in various ways such as 
relative humidity (RH in %), absolute humidity (in g/m3), moisture defi-
cit or vapour deficit (also in g/m3) and vapour pressure deficit (VPD in 
hPa or mbar) [43]. The relative humidity (RH) is commonly used. How-
ever, although the RH indicates the humidity condition, it does not say 
anything about the amount of water in the air [43]. Often, it is assumed 
that the absolute humidity is the same in all places in the greenhouse if 
temperature is also assumed even in the greenhouse – in modeling man-
aged by the lumped capacity assumption. However, this assumption is 
not completely true and it can be a few degree differences in many places 
in the greenhouse, resulting in higher relative humidity in cooler spots. In 
reality, when RH is around 95%, condensation will happen in many lo-
cally cooler spots; for example on the plant leaves. Thus a safety margin 
for RH will be necessary to avoid the risk of condensation and fungal in-
fection. Therefore, the upper and the lower limit of RH inside the green-
house has here been assumed to be 85% and 75%, respectively, based on 
recommendations from the literature [44].  

Vapor pressure deficit, VPD, is the difference between the saturation 
vapor pressure and the actual air vapor pressure [45]. The vapor pressure 
deficit between the crop and the air in the greenhouse is demonstrated in  
Figure 7.  VPD is a proper indicator of the condensation probability; 
since it quantifies how close the greenhouse air is to saturation situation, 
while taking into account different temperature levels [46]. Therefore, 
VPD is being used to calculate water requirements in some commercial 
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irrigation systems. In contrast, very low VPD indicates that the air in the 
greenhouse is very close to saturation condition, meaning that there is a 
risk for condensation causing fungus based plant diseases [47]. The de-
humidification is needed for the greenhouse air when the VPD is lower 
than 2 hPa, and the humidifiers have to operate by exceeding the VPD 
over than 10 hPa, however the ideal VPD for the typical greenhouse is 5 
hPa [47].   The VPD can be defined as difference between the saturation 
vapor pressure at the mean temperature and the saturation vapor pres-
sure at dew point temperature [47].  

Tcrop-Tair

Tair-Tdp

VPDcrop-air

 

Figure 7 demonstration of vapor pressure deficit between crop and air in the green-
house 

In this study, both RH and VPD have been used in order to control the 
greenhouse indoor humidity level in the theoretical model. It is assumed 
that the crop and the surrounding air have almost similar temperature 
such that Tcrop - Tair is negligible. Then the VPD inside the greenhouse is 
calculated using the following equations given by Snyder and Paw [45]:  

 

𝑉𝑃𝐷 = 𝑉𝑃𝑠 − 𝑉𝑃 (ℎ𝑝𝑎)   Eq.1 

Where the VPs is the saturation vapor pressure at air temperature (which 
is assumed to be equal as leaf temperature); and VP is the vapor pressure 
at the indoor dew point temperature. The VP and VPs are calculated us-
ing the following empirical equations [48]:  
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𝑉𝑃𝑠 = 6.108 ∙ exp � 17.27𝑇𝑎
𝑇𝑎+237.3

�  (ℎ𝑝𝑎)  Eq.2 

and 

𝑉𝑃 = 6.108 ∙ exp � 17.27𝑇𝑑𝑒𝑤
𝑇𝑑𝑒𝑤+265.5

�  (ℎ𝑝𝑎) Eq.3 

Equations 1 to 3 are considered in a user defined equation module in 
TRNSYS model then connected to the greenhouse building module 
(type 56). This procedure is illustrated in the following figure. 

Greenhouse 
Module

 (Type 56)

Dew point Temperature 
calculation 

(user defined module)

VPD calculation 
(user defined)

 Corrected Ta

RH

Ta Tdew

On/off signal to 
humidity control system

Evaporanspiration 
calculation

(user defined)

Ta

Corrected RH

 

Figure 8 the schematic layout for humidity control procedure in the reference model 

A computational procedure is shown in Figure 8. Here, the indoor psy-
chometric parameters need to be corrected due to the evapotranspiration 
effect by means of crops. Then by using the corrected RH and indoor 
temperature, the dew point is calculated using (Eq.4) [48]. 

 

𝑇𝑑𝑝(𝑇,𝑅𝐻) =
𝐴∙�ln�𝑅𝐻100�+

𝐵∙𝑇
𝐴+𝑇�

𝐵−�ln�𝑅𝐻100�+
𝐵∙𝑇
𝐴+𝑇�

  Eq.4 

The constant parameters in the Magnus formula are given by                 
A =243.12°C and B=17.62 [48].   

The evapotranspiration module, which is a user defined equation mod-
ule, is developed based on Stanghellini formulation (Equation 5) [49]. 



 50 

𝐸𝑇𝑜 = 2. 𝐿𝐴𝐼. 1
𝐿

∆∙(𝑅𝑛−𝐺)+
𝑉𝑃𝐷∙𝜌∙𝐶𝑝

𝑟𝑎
∙𝜐∙𝑉𝑃𝐷

∆+𝜆∙(1+𝑟𝑐
𝑟𝑎

)
 Eq.5 

The net radiation on the crop (In) MJm-2day-1 is calculated based on fol-
lowing equations [49].  

𝐼𝑛 = 0.07 ∙ 𝐼𝑛𝑠𝑤 −
252∙𝜌∙𝐶𝑝∙(𝑇𝑎−𝑇𝑐)

𝑟𝑅
 Eq.6 

𝜆 = 𝐶𝑝∙𝑃
𝜖∙𝐿

  Eq.7 

Where 𝜖 is the water to dry molecular weight ratio and L is the latent 
heat of vaporization MJkg-1 [49].   

𝑟𝑅 = 𝜌∙𝐶𝑝
4∙𝜎∙(𝑇𝑎+273.15)3

 Eq.8 

In the equation 5, 𝑟𝑐  and 𝑟𝑎  are crop resistance and aerodynamic re-
sistance which are assumed to be 70sm-1 and 430sm-1 respectively [49].  

Then by considering another correlation based on an equation suggested 
by Van Ooteghem (Equation 9) [50], and with the calculated reference 
evapotranspiration rate in the previous step, the corrected humidity ratio 
will be obtained.  

𝑋𝑐 = 𝐸𝑇𝑜/3608.24
𝐴𝑐∙𝑘𝑐

+ 17.57 Eq.9 

Where  

𝑘𝑐 =  1

𝑅𝑑𝑖𝑓+
𝑅𝑐𝑢𝑡∙𝑅𝑠
𝑅𝑐𝑢𝑡+𝑅𝑠

 Eq.10 

Where 𝑅𝑐𝑢𝑡 (leaf cuticular resistance) and 𝑅𝑠 (stomatal resistance) are as-
sumed to be 2000 sm-1 and 406 sm-1 based on the former studies by Van 
Ooteghem [50].  The boundary layer resistance to diffusion of water,  
𝑅𝑑𝑖𝑓 is defined by the following equation. 

𝑅𝑑𝑖𝑓 =  
1174�𝑙𝑓

(𝑙𝑓∙|𝑇𝑐−𝑇𝑎|+207𝜔2)
1
4
 Eq.11 

Where 𝑙𝑓 (mean leaf width ) is supposed to be 0.035 m and the indoor 
air flow speed is 0.09 ms-1 based on a former study by Van Ooteghem) 
[50].  
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Regarding the inflow of outside air, two parameters have been consid-
ered in this model. First, “Infiltration”, which is calculated based on the 
ASHRAE recommendation regarding the standard infiltration to the 
conditioned area, and depends very much on the construction material 
[51]. Second, “Ventilation”, which comes via an active ventilation system 
(i.e. ventilation windows in the conventional greenhouse). 

The heat gain from the supplementary lighting system, as well as human 
activities and electrical devices (e.g. computers) has been also considered 
in the model. It has been assumed that the greenhouse is occupied by 
maximum 25 persons in the working hours.  

The rate of growth and CO2 concentration analysis have not been as-
sessed here, since they have a negligible impact on the energy perfor-
mance of the greenhouse. However, these two parameters are intercon-
nected to each other and they have a considerable impact on the green-
house total cost effectiveness. In this study, the cost analysis has been 
carried out only in order to estimate the payback period time for the en-
ergy systems examined. Only the benefits of energy saving strategies, in-
cluding closed greenhouse concept, on the external fuel demand (such as 
oil or biomass demand) have been considered in the payback calculation. 
Thus, the presented results make up a rather conservative assessment 
since increased yield is expected in addition to the fuel savings.  

The main TRNSYS input data used in the reference model is listed in 
Table 6.  However more detailed using input data is described in Appen-
dix III. 
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Table 6 summary of model details based on the case study Ulriksdal Greenhouse.   

Reference Greenhouse 

Type  Conventional single gable greenhouse 

Location Stockholm 

Orientation East_West  

Weather data Meteonorm library (Type 109 in TRNSYS) 

Area 4600 m2 ; 2700 m2 Non-Public area +1900 m2  Public area 

Volume 13750 m3 

Glazing Single polycarbonate  

U=5.68 Wm-2K-1; R=0.18 m2KW-1; τ=0.87 

Walls U-value = 0.7 Wm-2K-1 ; Solar Absorptance = 0.6; thickness 
=8 cm   

Ground U-value = 0.3 Wm-2K-1 ; Solar Absorptance = 0.8; thickness 
=42 cm   

Roof tilt angle  

Roof ventilation angel 

26⁰ 

19⁰ 

Occupancy  Max 25 persons (in working hour between 8:00 – 18:00)  

Infiltration ratio 0.5 h-1  to 1.5 h-1(ACH)  

Lighting system High output T8 Fluorescent ;1860 Lumen per m2 ; 170 
kWhm-2 ; Light Equipment Efficiency = 0.9 ; Room lighting 
efficiency =0.6 ;   

Minimum allowable 
temperature 

18⁰C 

Maximum allowable 
temperature 

25⁰C 

 

 



 53 

3 . 2  A n  o v e r v i e w  o n  g o v e r n i n g  e q u a t i o n  
u s e d  i n  t h e  g r e e n h o u s e  m o d e l  

Energy and mass balance equations are used in TRNSYS in order to cal-
culate the temperature and humidity for the proposed thermal zones.  
Using the lumped capacitance method, one calculation mode is consid-
ered per zone. Former studies shows that lumped capacitance method is 
an acceptable assumption since the time interval (one hour) is sufficiently 
large to assume a uniform temperature distribution in each proposed 
thermal zone [52] [53] [54].  The sensible energy balance for an arbitrary 
thermal zone i is defined by the following equation:   

�̇�𝑖 = �̇�𝑠𝑢𝑟𝑓,𝑖 + �̇�𝑖𝑛𝑓,𝑖 + �̇�𝑣𝑒𝑛𝑡 + �̇�𝑔𝑐,𝑖 + �̇�𝑐𝑝𝑙𝑔,𝑖  Eq.12 

where �̇�𝑖 is the net heat gain; �̇�𝑠𝑢𝑟𝑓,𝑖 is the total heat gain or loss from 
the surface; �̇�𝑖𝑛𝑓,𝑖  is the infiltration heat gain; �̇�𝑣𝑒𝑛𝑡  is the ventilation 
heat gain from the user defined source; �̇�𝑔𝑐,𝑖 is the internal convective 
heat gain by crops, people and other equipment; and �̇�𝑐𝑝𝑙𝑔,𝑖 is the con-
vective heat gain . 

 The first term on the right hand side of Eq.12, the total heat gain/loss 
from all surfaces (including walls, roofs and floor) it consists of the net 
radiative heat transfer, convective heat flux (including heat transfer be-
tween inside surfaces such as glazing and inside air and outside surfaces 
and outdoor air) and the conduction heat flux through  the surfaces. The 
surface heat fluxes layout is illustrated in Figure 9. 

 

Figure 9The layout of the surface heat fluxes and temperatures within TRNSYS 
model 

Based on the energy balances for both inside and outside surfaces the 
following equations are then defined: 
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 �̇�𝑠𝑢𝑟𝑓,𝑖𝑛 = �̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 + 𝐼𝑠𝑢𝑟𝑓,𝑖𝑛 Eq.13 

�̇�𝑠𝑢𝑟𝑓,𝑜𝑢𝑡=�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 + 𝐼𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 Eq.14 

It has to be noted that for the internal surfaces the radiation term 
𝐼𝑠𝑢𝑟𝑓,𝑖𝑛 consists of short and long wave radiation. However, for the ex-
ternal surfaces the 𝐼𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 the assumptions is made that it consists of 
short wave radiation only since the long wave radiation has a negligible 
effect in comparison with other heat transfer methods in the external 
surface due to the high transmissivity and relative low surface tempera-
ture in greenhouse glazing as the external surfaces. 

In equations 13 and 14, the �̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 and �̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 consist of 
convective and radiative heat fluxes for the inside and outside surfaces as 
presented below: 

�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 = �̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 + �̇�𝑟,𝑠𝑢𝑟𝑓,𝑖𝑛  Eq.15 

�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = �̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 + �̇�𝑟,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡  Eq.16 

Where 

�̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 = ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛(𝑇𝑠𝑢𝑟𝑓,𝑖𝑛 − 𝑇𝑠𝑡𝑎𝑟*) Eq.17 

�̇�𝑟,𝑠𝑢𝑟𝑓,𝑖𝑛 = 𝜎𝜀𝑠𝑢𝑟𝑓,𝑖𝑛(𝑇𝑠𝑢𝑟𝑓,𝑖𝑛
4 − 𝑇𝑎4)   Eq.18 

and 

�̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡(𝑇𝑜 − 𝑇𝑠𝑢𝑟𝑓,𝑜𝑢𝑡)  Eq.19 

�̇�𝑟,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = 𝜎𝜀𝑠𝑢𝑟𝑓,𝑜𝑢𝑡(𝑇𝑠𝑢𝑟𝑓,𝑜𝑢𝑡
4 − 𝑇𝑓𝑠𝑘𝑦4)   Eq.20 

𝑇𝑓𝑠𝑘𝑦 = �1 − 𝑓𝑠𝑘𝑦�𝑇𝑎 + 𝑓𝑠𝑘𝑦𝑇𝑠𝑘𝑦  Eq.21 

 The convection heat transfer coefficient for all vertical surfaces inside 
the thermal zone is approximate in TRNSYS by the following equations 
[55]: 

ℎ𝑐𝑜𝑛𝑣 = 1.5(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.25 Eq.22 
                                                      

* TStar is the temperature of an artificial node in the “star network method” developed by 
Seem,J.E.; which is used to calculate the net radiative and convective heat flux from the 
inside of surfaces [101]. 
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While the convection heat transfer coefficient for outside surfaces is es-
timated by Equation 23 [55]. 

ℎ𝑟𝑜−𝑜 = �10.08 + 10.8𝜗𝑜𝑢𝑡 ∶                           𝑇𝑖𝑙𝑡 𝑟𝑜𝑜𝑓
5.7 + 3.8𝜗𝑜𝑢𝑡  ∶    𝑤𝑎𝑙𝑙𝑠 𝑎𝑛𝑑 𝑤𝑖𝑛𝑑𝑜𝑤𝑠          Eq.23 

The convection heat transfer coefficient for all horizontal surfaces depends on 
the surface temperature and the thermal zone air temperature; which are given 
in the following equations [55]:     

ℎ𝑐𝑜𝑛𝑣 = 2.11(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.31 : 𝑇𝑠𝑢𝑟𝑓 > 𝑇𝑎 Eq.24 

ℎ𝑐𝑜𝑛𝑣 = 1.87(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.25 : 𝑇𝑠𝑢𝑟𝑓 < 𝑇𝑎 Eq.25 

The second term in the proposed sensible energy balance for arbitrary 
thermal zone in the greenhouse (equation 12) is the total infiltration gain 
(�̇�𝑖𝑛𝑓,𝑖). It has to be noted that all terms in the energy balance (equation 
12) can be either positive (heat source term) or negative (heat sink term). 
TRNSYS use the following equation total infiltration heat gain in the 
building module (type 56): 

�̇�𝑖𝑛𝑓,𝑖= �̇�𝑖𝑛𝑓,𝑖∙𝑐𝑝∙(𝑇𝑜−𝑇𝑎) Eq.26 

The infiltration mass flow rate �̇�𝑖𝑛𝑓,𝑖  is calculated using an empirical 
equation suggested by ASHRAE handbook of fundamentals [51]. 

�̇�𝑖𝑛𝑓,𝑖 = 𝜌𝑎 ∙ 𝑉𝑎 ∙ (𝐾1 + 𝐾2|𝑇𝑜 − 𝑇𝑎| + 𝐾3 ∙ 𝜐) Eq.27 

In this correlation the constant parameters, K1, K2 and K3 will be chosen 
based on the Table 7 suggested by ASHRAE handbook of fundamentals 
[51]. 
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Table 7 Summary of empirical constants for estimating building infiltration [51] 

Construction K1 K2 K3 Condition 

Tight 0.100 0.011 0.034 
New building where special 
precautions have been taken to 
prevent infiltration. 

Medium 0.100 0.017 0.049 
Building constructed using 
conventional construction 
procedures. 

Loose 0.100 0.023 0.070 
Evidence of poor construction 
on older buildings where joints 
have separated. 

 

The heat internal gains  �̇�𝑔𝑐,𝑖 in the greenhouse consists of convective 
heat gain by occupants (human activity), convective heat gain by lighting 
system as well as other electrical appliances and convective heat gain by 
evapotranspiration phenomenon. The first two internal gain (occupants 
and appliance) can be defined through the TRNSYS building module 
(Type 56), while the third internal gain (evapotranspiration) needs to be 
defined using an integrated user define module.  Here, an example is il-
lustrated to show how the evapotranspiration rate can be used directly to 
calculate the convective heat gain by evapotranspiration. 

Consider the case when the greenhouse indoor temperature is 20°C and 
the latent heat of vaporization of water (L) in 20°C is about 2.45 MJkg-1.  
Then, 2.45 MJ is needed to vaporize 1 kg or 0.001 m3 water. Then an en-
ergy input equal to 2.45 MJm-2 will be sufficient to vaporize 0.001m or 1 
mm water. Therefore, the evapotranspiration convective heat flux MJm-

2day-1 can be obtained by the following equation: 

𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 = 𝐸𝑇 (𝑚𝑚𝑑𝑎𝑦−1) × 𝐿 (𝑀𝐽𝑘𝑔−1) × 𝜌(𝑘𝑔𝑚−3) 

 Eq.28 

More detailed information on the energy and mass balances in the 
greenhouse is given in the Appendix I. 
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3 . 3  M o d e l  v e r i f i c a t i o n   
 

The temperature variation with and without evapotranspiration effect 
has been studied here. The result shows that evapotranspiration moder-
ate the temperature variation inside the greenhouse. Therefore, in the 
summer time it acts as an evaporative cooling system while in the winter 
time it acts as a warm humidifier system. This effect has been demon-
strated in Figure 10. 
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As a rule of thumb, the greenhouse indoor temperature should not ex-
ceed 30°C, and it cannot be lower than 15⁰C. Although, the optimal in-
door temperature depends on type of plants and cultivation procedure 
period, an indoor temperature between 18⁰C to 25⁰C can be proper for a 
wide range of plants and cultivation process [21]. This range is thus used 
for determining the need for heating (below 18⁰C) and cooling (above 25 
⁰C).  

Regarding the humidity level in the greenhouse, two types of set points 
(RH and VPD) have been considered, simultaneously, for the humidifi-
cation and dehumidification. The RH and VPD variation in absence of 
any air treatment unit is presented in Figure 11. 

Figure 10 the effect of evapotranspiration on the indoor temperature 
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Figure 11 the RH and VPD variation in the reference model 

It can be concluded from Figure 11, that the dehumidification is needed 
almost during the whole year, specifically during the cold periods. In the 
conventional greenhouses, by considering the open ventilation system 
for reducing the humidity level inside the greenhouse, the ventilation 
window needs to be opened (due to the high humidity) and the heater 
needs to operate at the same time in order to keep the inside temperature 
within the desirable temperature range. Therefore, there is a large poten-
tial for energy saving in the closed greenhouse concept by closing the 
ventilation windows and by controlling the humidity level of the green-
house through an active dehumidification system. 

The model has been verified by comparing the calculated heating de-
mand of the reference model and the real obtained data from the Ulriks-
dal greenhouse. The annual heating demand in the Ulriksdal greenhouse 
has been calculated directly from the annual fuel consumption. Ulriksdal 
consumes 200 m3 fuel oil annually.  Then by considering the energy con-
tent of this fuel type about 9950 kWhm-3 [56] and a boiler with 75% 
thermal efficiency, the measured annual heating demand of Ulriksdal is 
324 kWhm-2. Here, the calculated annual heating demand in the refer-
ence model is 302 kWhm-2 Thus, there is good agreement between the 
model and the measured data.  
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 The monthly heating and cooling demand obtained from the reference 
model is presented in Figure 12. 

 

In the conventional greenhouse, usually, the cooling demand will be cov-
ered through the ventilation windows as well as with a solar shielding 
method. Therefore, principally, the cooling demand doesn’t have any en-
ergy cost for the grower by considering the free cooling with the ventila-
tion windows.  Then the energy cost in a conventional greenhouse is be-
cause of the heating cost and the electricity demand for the artificial 
lighting system and other electrical devices (e.g. fans, pumps and etc.) 
The proposed energy saving opportunities which are introduced in chap-
ter 2, have a direct influence on the annual energy cost by cutting the an-
nual heating or electrical demand. In the next chapter, strategies for im-
proving the energy performance in the commercial greenhouse has been 
analyzed using the above presented TRNSYS model. Required modifica-
tions have then been applied to the reference model and then the results 
have been compared with the case study (conventional greenhouse).   

  

Figure 12 heating and cooling demand in the reference greenhouse model based on the case 
study - Ulriksdal greenhouse 
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4 Thermoeconomic 
Analysis 

In section 2.1, a number of energy saving methods have been intro-
duced. These methods can be considered alone or in combination. 
Therefore, the energy saving methods can be categorized into the single 
energy saving methods and multidimensional methods. A thermoeco-
nomic assessment has been performed for both single and multidimen-
sional energy saving methods in this study. The first and the last section 
of this chapter is mainly based on paper 2, however, the remaining sec-
tions are based on papers 3 and 4. 

4 . 1  T h e r m o e c o n o m i c  a s s e s s m e n t  f o r  
s i n g l e  i m p r o v e m e n t  o p p o r t u n i t i e s   

In this study, five single energy saving methods have been selected for a 
more in-depth analysis. These opportunities are: type of heating distribu-
tion system, thermal screen, covering material and supplementary light-
ing system. The energy performance improvement for the heating distri-
bution system has been calculated using the obtained results from the 
reference model as well as reported efficiency for proposed cases.  

Regarding the second proposed single energy saving method (thermal 
screen) the energy saving factor is given based on the reported amount in 
the former studies [17] , and the other parameters such as the amount of 
energy saving (kWhm-2), energy saving equivalent cost and payback peri-
od time is calculated based on the given energy saving factor. The energy 
saving factor for the single layer thermal curtain is about 40% while this 
will be increased to 60% by considering a double layer thermal curtain. 

The energy performance improvement due to the covering material has 
been evaluated using TRNSYS. In the reference model, a single glazed 
polycarbonate has been considered while it was replaced by a double 
glazed polycarbonate and IRAC glazing in order to assess the effect of 
glazing type on the energy performance improvement in the greenhouse. 
The annual heating demand in both double glazing and IRAC glazing 
have been obtained and in comparison with the reference annual heating, 
the energy saving factor has been calculated for each cases. The same 
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evaluation procedure has been considered regarding the wall insulation 
opportunities. Here, two types of wall insulation have been considered in 
the TRNSYS model. The more TRNSYS input data regarding the wall 
type manager is given in the appendix III.  

The last assessed single energy saving method, in this study, is regarding 
the supplementary lighting system. In this method, the energy saving is 
calculated due to the electrical energy saving. The required electric power 
for the artificial light is calculated based on the following equation [14]. 

P = Lighting illumination
ηemissivity×ηabsorptivity×ηsource 

  Eq.29 

Where the ηemissivity is the light emitted efficiency indicating the por-
tion of emitted light from the source to the room. The ηabsorptivity re-
fers to the plant absorptivity efficiency and indicates the portion of ab-
sorbed emitted light by the plants before entering to the activity area. 
The typical value for the product ηemissivity ηabsorptivity varies between 
0.3 and 0.6; however, this product is considered to be 0.6 for all pro-
posed cases. The required lighting in a conventional greenhouse is as-
sumed 1860 Lux (lumen per m2) [28]. Therefore, by considering the lu-
men efficiency for the proposed supplementary lighting system, the cor-
responding required electric power has been calculated. Then by assum-
ing 4650 hours for supplementary lighting, according to the case study, 
the electrical energy demand for lighting will be obtained. This amount, 
by considering T8 Fluorescent as the artificial light for the reference 
model, is 170 kWhm-2. However by replacing the T8 fluorescent with 
metal halide light and high pressure sodium, the energy consumption will 
be reduced to 160 kWhm-2 and to 123 kWhm-2, respectively. A summary 
of thermoeconomic assessment for proposed single energy saving meth-
ods is presented in Table 8. 

 

 

 

 

 

 



 63 

Table 8 Summary of energy performance improvement opportunities for a commer-
cial greenhouse based on Swedish climate conditions  

Energy          
Conservation   
opportunity 

Energy 
Saving 
kWhm-2 

Energy        
performance 
improvement% 

Energy 
saving 
equiv.    
cost I $m-2 

Increment 
equip cost 
$m-2 

Simple 
PBP 
Year 

Other specification 

Heat distribu-
tion system  

Reference type: Atmospherically vented with a 65 % seasonal efficiency 

Power vented 77 25 2.5 3 II 1 Eff. 78% 

Direct vented 86 28 3 16 II 5 Eff. 80% 

High eff. Con-
densing heater 139 46 4.7 16.5 II 3,5 Eff. 93% 

Thermal screen In this table, the thermal screen has been assessed only for reducing the nighttime heat loss.     

Single layer 
thermal screen 120 40 4 16 III 4 40% energy saving factor; 

R-value= 1.67 [26] 

Double layer 
thermal screen 180 60 6 28 III 5 60% energy saving factor; 

R-value= 4.17 [26] 

Covering mate-
rial 

Reference type: Single polycarbonate U=5.68 Wm-2K-1; R=0.18 m2KW-1;τ=0.87 

Double poly-
carbonate 118 40 4 2 IV 0,5 

U=2.3 Wm-2K-1; 
R=0.43m2KW-1; 
τ=0.78 

IRAC  175 58 6 7 IV ~1 U=1.4 Wm-2K-1;  
R=2 m2KW-1; 
τ=0.76 

Wall insulation Reference type: Net structure R-value =0.25 m2KW-1 

R-5  46 15 1 10 V 10 Net R-value=0.44 m2KW-1 

R-10 54 18 2 15 V 7,5 Net R-value=0.62 m2KW-1 

Lighting  Reference type: High output T8 Fluorescent , total input 40W, Efficeincy (lumen/W)=85; life = 12000 hr 

high pressure 
sodium 47 VI 30 5 VII 10 VIII 2 

Total input=400W 

Efficeincy=117(lumen/W); 
life = 15000-24000 hours 

Pulse start 
metal halide 10 VI 6 1 VII 3 VIII 3 

Total input=320W; Effi-
ciency=90(lumen/W); life = 
8000-20000 hr 
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Table 8 footnotes  

I  The energy saving equivalent cost is calculated based on cost 
benefit due to reduce the fuel oil consumption. The fuel oil price 
is assumed 1.4$ /gal [57] 

II  The prices have been obtained from Eugene A. scales & Associ-
ates, Inc. [11] 

III  The thermal screen cost is obtained from Pacific Gas & Electric 
Company [17] 

IV  The glazing material cost obtained from EnviroCept. Green-
house & Supply website [58] 

V  The wall insulation material cost obtained from Allcostdata 
website [59] 

VI  Energy saving due to the reduction in electrical energy demand 
by improving the lighting system [28]  

VII  The assumed electricity price is 0,1$/kWh [60] 
VIII  The mentioned prices are obtained from ARGUS control. [28] 

 

4 . 2  T h e r m o e c o n o m i c  a s s e s s m e n t  o f  t h e  
c l o s e d  g r e e n h o u s e  c o n c e p t  

The closed greenhouse concept, known as a multidimensional energy 
saving method, is principally designed to improve the energy perfor-
mance of a commercial greenhouse by minimizing the convection and 
conduction heat loss as well as improving the artificial lighting perfor-
mance. Then, in order to assess the energy conservation using the closed 
greenhouse concept and compare it with the reference model, three 
closed greenhouse configurations have been studied. These configura-
tions are:  

• An ideal closed greenhouse 
• A semi-closed greenhouse 
• A partly closed greenhouse 

The schematic of these configurations as well as a conventional green-
house is schematically shown in Figure 13. As shown, the ideal closed 
greenhouse (d) differs from a conventional (a) in that there is no ventila-
tion at all. The semi-closed greenhouse (b) allows for a controlled 
amount of ventilation, preferably just enough to adjust the humidity. Fi-
nally, in a partly closed (c) greenhouse, one section is fully closed (like in 
d) whereas the rest of the greenhouse is of conventional design.  
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a) Conventional Greenhouse 

b) Semi-Closed Greenhouse 

c) Partly Closed Greenhouse 

d) Ideal Closed greenhouse 

 

 

 

AHU
AHUAHU

 

Figure 13 Different greenhouse configuration considered in the modeling 



 66 

4 . 2 . 1  E n e r g y  a n a l y s i s  o f  t h e  i d e a l  c l o s e d  
g r e e n h o u s e  

In the ideal closed greenhouse, the infiltration is minimized and the 
greenhouse has been considered to be ideally insulated. Therefore, the 
conduction and convection heat losses are minimized in this case. Here, 
it is assumed that there is a negligible infiltration in the ideal closed 
greenhouse; therefore the effect of natural infiltration is ignored in the 
ideal closed greenhouse model.  

Regarding the greenhouse covering, a double layer IRAC glazing has 
been considered for the ideal closed greenhouse. In addition, it is as-
sumed that the greenhouse perimeter is insulated using R-10 insulation.  
The artificial lighting has been changed to the high pressure sodium light 
to improve the lighting efficiency as it discussed in chapter 2 [28]. The 
other specifications of the greenhouse, including the internal heat gain, 
greenhouse orientation, location, temperature and humidity controlling 
set points are similar to the reference model.  The more detailed TRN-
SYS input data such as wall type, glazing type and lighting schedules are 
summarized in the appendix III. 

The free floating monthly average temperature in the ideal closed green-
house is compared with the reference model (conventional greenhouse) 
and the results are presented in Figure 14 and Figure 15.  

 

Figure 14 Free floating monthly average indoor temperature in a conventional 
greenhouse without considering any heating and cooling system 
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Figure 15 Free floating monthly average indoor temperature in and ideal closed 
greenhouse without considering any heating and cooling system 

Here, Figure 14  shows that the indoor temperature in the conventional 
greenhouse may drop below zero degrees in the cold winter months, 
while the temperature exceeds the maximum allowable temperature 30⁰C 
during only two months (July and August).  Therefore in the conven-
tional greenhouse the heating demand is the dominant energy demand. 
The indoor temperature in an ideal closed greenhouse never dropped be-
low 5⁰C, while during June, July and August the indoor temperature is 
mostly above the maximum allowable temperature and reaches to 55⁰C 
during the hottest days.  

It can be concluded that the average temperature in the closed green-
house is about 10°C warmer than the conventional greenhouse tempera-
ture. The higher average temperature in the closed greenhouse causes a 
lower heating demand and higher cooling demand in comparison to the 
conventional greenhouse. Figure 16 compares the annual heating and 
cooling demand for the ideal closed greenhouse and conventional green-
house. 
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Figure 16 Comparison between energy demand in the conventional and ideally 
closed greenhouse 

A summary of the thermoeconomic assessment for the ideal closed 
greenhouse concept is presented in Table 9 however the more detailed 
information on the greenhouse total estimated increment cost and its 
payback period will be described later in the section 4.2.3. 

 
Table 9 Energy performance improvement for an ideal closed greenhouse 

Energy          Conser-
vation   opportunity 

Energy 
Saving 
kWhm-2 

Energy        
performance 
improvement% 

Energy 
saving 
equiv.    
cost I $m-2 

Increment 
equip cost 
$m-2 

Simple 
PBP Year 

Other specifica-
tion 

Closed Greenhouse  Reference type: Single glazed, Atmospherically vented heaters where using fuel oil, free cooling using 
ventilation windows (Case Study: Ulriksdal greenhouse). 

Closed Greenhouse type: Double ply IRAC, Direct vented, active cooling using heat pump, R-1.5 
North wall Insulation, metal halide lighting. 

245 80 8 40-50  5-6 Described in 4.2.3 

4 . 2 . 2  E n e r g y  a n a l y s i s  o f  t h e  s e m i / p a r t l y  
c l o s e d  g r e e n h o u s e  

 

There is a specific TRNSYS sub-module in order to calculate the infiltra-
tion ratio, called type 571. In this sub module, the infiltration is calculat-
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ed based on ASHRAE standards. Therefore, tight and new building 
conditions has been considered for the ideal closed greenhouse model, 
where special precaution has been taken to prevent infiltration [51]. Con-
trary to the infiltration, the ventilation ratio, in the semi-closed green-
house models, is defined manually. In the semi-closed greenhouse, some 
controlled ventilation will be used in order to regulate the indoor hu-
midity level. Here, a constant ventilation ratio is considered for semi-
closed greenhouse configuration; however, a sensitivity analysis has been 
carried out in order to assess the effect of ventilation variation on the 
greenhouse energy performance.   

Here, a parameter has been introduced to aid the assessment. It is denot-
ed Surplus Energy Ratio (SER) which is the ratio between the annual 
cooling and heating demand. 

𝑆𝐸𝑅 = (𝐴𝑛𝑛𝑢𝑎𝑙 𝑒𝑥𝑐𝑒𝑠𝑠 ℎ𝑒𝑎𝑡 ) ⁄ (𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑) 

 Eq.30 

 Thus, the SER expresses the ratio between available excess thermal en-
ergy that can be stored in the TES system and the annual heating de-
mand of the greenhouse. Here, SER has been studied (Figure 17) for 
comparing the energy performance in ideal (fully) closed greenhouse, 
semi-closed greenhouse and conventional greenhouse (case study). Based 
on this study, the SER is about three in the ideal fully closed greenhouse.  

 

Figure 17 Surplus energy ratio vs. controlled ventilation rate in a conventional, 
semi-closed and ideal closed greenhouse 

Figure 17 presents the SER as a function of a constant controlled ventila-
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uration. As shown, the SER is highly dependent on the amount of venti-
lation allowed. In addition, Figure 17 also shows results for single glazing, 
as well as double glazing for the greenhouse construction. In order to 
have a self-heated greenhouse, the SER should be higher than one. In 
this case, the surplus energy, which is the cooling demand, will cover the 
heating demand of the greenhouse, theoretically. Therefore, by consider-
ing the self-heated greenhouse concept, the acceptable controlled ventila-
tion in the semi-closed greenhouse can be determined using the SER. In 
the single glaze semi-closed greenhouse the controlled ventilation should 
be less than 0.2 h-1 while in the double glazing semi-closed greenhouse 
the controlled ventilation can be raised up to 1.5 h-1 and still achieve 
SER higher than one. It may be concluded the natural infiltration and 
controlled ventilation have a considerable impact on the SER parameter. 

Perhaps, the most practical configuration for the existing conventional 
greenhouse is the partly closed greenhouses; since, in this configuration, 
a new built closed greenhouse can be attached to an available conven-
tional greenhouse. Therefore, in a partly closed greenhouse configura-
tion, there are two separate sections: one fully closed (or semi-closed), 
and one conventional section. Excess heat harvested from the closed 
section will also serve the heating demand for the conventional section. 
Here, the SER has been assessed as a function of the closed area portion 
from a totally conventional greenhouse (0% closed greenhouse area) to 
fully (100%) ideal closed greenhouse (Figure 18). 

For the single glazed, partly closed situation, at least 60% must be closed 
in order to achieve a SER higher than one. While, for a greenhouse using 
double-glazed covering there is actually not any minimum amount for 
closed area portion as SER is always greater than one, for the controlled 
ventilation rates examined. 

Figure 18 SER variation in the single and double- glazed partly closed greenhouse 
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Eventually, the energy performance improvement variation for both 
semi and partly closed greenhouse has been studied; by considering the 
various controlled ventilation ratio in the semi-closed concept as well as 
different closed portion area in the partly closed greenhouse concept. 
The result is compared with ideal closed greenhouse in Figure 19.  

Energy performance improvement in the various configurations of 
closed greenhouses is here assessed by the annual energy demand reduc-
tion. As shown in Figure 19, double glazing has a major impact on the 
energy performance improvement in the semi-closed concept. Moreover, 
energy performance improvement in the double glazed semi closed 
greenhouse is not highly influenced by the controlled ventilation ratio, 
while it is a decisive parameter in the single glazed semi closed green-
house. It can be concluded from this assessment that the largest im-
provement can be obtained by applying the double glazed semi.-closed 
greenhouse with controlled ventilation ration less than 0.5 ACH, as well 
as partly closed greenhouse with the closed portion larger than 50% of 
the greenhouse area. 

 

  

Figure 19 Energy performance improvement for ideal, semi- and partly closed greenhouse 
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4 . 2 . 3  C l o s e d  g r e e n h o u s e  c o s t  e f f e c t i v e n e s s  
 

The cost performance has been studied over a range of closed green-
house conditions including ideal closed greenhouse, semi-closed green-
house with different ventilation rates, and partly-closed greenhouse with 
different fractions of the closed portion. This analysis has been carried 
out by considering the design of seasonal TES for peak load and base 
load. For the base load case, the seasonal storage is integrated with short-
term daily TES. As described in section 2.2, three combinations of TES 
system have been investigated:  

I. A seasonal Borehole based TES (BTES) completely supplies the 
heating and cooling power demand  

II. A short term TES based on phase change materials (PCM) will 
cover a portion of the peak load and be integrated with BTES. 

III. A stratified chilled water (SCW) storage will cover a portion of 
the peak load and then BTES will supply the remaining thermal 
demand. 

In the first case, (case I), the seasonal storage system (BTES) is designed 
based on the “peak load”; however, by considering the short term stor-
age system, (case II and III), the BTES is sized based on the “base load”. 
In an ideal closed greenhouse the peak load refers to the cooling load 
which is about 113 Wm-2, while the maximum heating load is about 59 
Wm-2.  
The schematic of the studied cases in this assessment is shown in Figure 
20. 
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Figure 20 TES system layout for cooling (a;b) and heating (c) demand in the 
closed greenhouse concept 
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One of the most challenging design parameters in the ideal closed green-
house is the system operating temperature. As mentioned earlier, the 
greenhouse indoor temperature shouldn’t exceed 30⁰C and it must be 
kept over 15⁰C. In this study, it has been assumed that the minimum al-
lowable temperature in the greenhouse is 18⁰C while the maximum al-
lowable temperature is 25⁰C. Then, when integrating a short-term TES, 
its operating temperature becomes another limiting factor. Here, it is as-
sumed that the cold side temperature of the BTES will not exceed 15⁰C 
and the PCM melting temperature is considered to be 19⁰C. Then, the 
warm side BTES temperature will not exceed 19⁰C in order to be inte-
grated with a PCM short-term TES. Finally, by considering the Fiwihex 
as the air-water heat exchanger, the distribution temperatures in the 
greenhouse (charging) and/or heat supply temperature to the BTES (dis-
charging of excess heat) will be defined based on the heat exchanger per-
formance. Adding a short-term TES to manage peak loads thus impose a 
“temperature penalty” with similar effect as an extra heat exchanger. 
 
Here, a cost analysis has been performed for the ideal closed greenhouse 
integrated to the BTES with and without considering the short-term 
storage system. Thus, in case of considering the short term storage, the 
BTES is designed based on the based load while the short term storage 
system is designed to cover the peak load (maximum cooling load). Table 
10 presents a summary of the main assumptions and parameters which 
are used in the cost analysis. 
 

Table 10 Summary of parameters needed for the cost analysis based on Ulriksdal greenhouse 

BTES System Reference 
Achievable borehole power 40 Wm-1 [61] 
Capital cost 27 €m-1 [62] 
Borehole depth 200 m [63] 
Fuel  
Annual fuel oil consumption 44 m3  

for 1000 m2 
commercial 
greenhouse 

Measured (Case 
study: Ulriksdal) 

Fuel oil cost 26 €m-2 [64] 
Average annual rise in fuel oil price 5.5 cent/litre [65] 
Electricity  
Electricity Price 0.1 €/kWh [66] 
Average annual rise in electricity price 0.7 cent/kWh [66] 
Average annual electricity consumption for 
circulation pumps and ventilators 

25 kWm-2 [63] 

Average annual electricity consumption for 
artificial light and other devices 

115 kWm-2 [67] 
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The main aim of the cost analysis is to obtain an indication of economic 
feasibility of the closed greenhouse concept. Thus, a simplified payback 
period time (PBP) for the closed greenhouse concept in various designs 
has been examined. The payback time period has been defined by the 
following equation  
 
PBP = (Total investment cost) / (Total annual saving)  (Eq.31) 
 
In this payback calculation method the total annual saving includes the 
annual cost benefit of replacing oil by electricity to operate a heat pump, 
and other relevant electrical driven devices. Although, the electricity cost 
for operating the heat pump is dependent on the COP of the heat pump, 
but according to the sensitivity analysis, the PBP is not influenced largely 
by changing the COP. The present commercial heat pump which has 
been used in the greenhouse has a COP of 4 to 5 [61].  
 
The higher COP (e.g. 8 to 11) can be achieved by utilizing the Fiwihex 
heat exchangers since they can operate efficiently with small temperature 
difference between water and air [37]. Here it has been assumed to have 
a heat pump with COP 5. Fiwihex is a counter current compact heat ex-
changer which is used in the closed greenhouse concept to transfer a 
large amount of heat from water to air in heating mode and also from air 
to water in cooling mode. It is designed for operating with very low tem-
perature difference [37]. The most distinct characteristic of this type of 
heat exchanger is raising the heat transfer coefficient under condensation 
by a factor of up to 4, as compared to other liquid-to-air heat exchangers 
[37].  
 
Based on the thermoeconomic analysis (Paper 4), up to 45% of the an-
nual operation cost in the closed greenhouse is for the fan power re-
quirement related to the Fiwihex.  Therefore, an optimal Fiwihex sizing 
needs to be considered to minimize the operational cost. Operative tem-
perature has a direct impact on the Fiwihex sizing. However, the air inlet 
and outlet temperature is restricted due to the greenhouse set point tem-
peratures; and on the water side, the operative temperature is dependent 
on the thermal storage system condition. The total cost of Fiwihex is cal-
culated based on an equation given by Fiwihex producer [37]: 
 
Fiwihex cost = CH*A Eq.32 
 
Where , A is the heat exchange surface area and it is calculated based on 
the NTU, and CH is the Fiwihex cost parameter  (200 €m-2) which is 
given by the producer. Here, the NTU is defined by the following equa-
tion which is suggested by the Fiwihex producer [37]: 
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𝑁𝑇𝑈 = 2 ∙ �𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑜𝑢𝑡�
�𝑇𝑎𝑖𝑟,𝑜𝑢𝑡−𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛�+[𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡]

  Eq.33 

 
Then by applying a heat balance over the heat exchanger, it can be con-
cluded that the heat transferred to the water is equal to the heat which is 
convected by the air. The heat balance over the heat exchanger is pre-
sented in the following equation: 
 

ℎ ∙ 𝐴 ∙ �𝑇𝑎𝑖𝑟,𝑜𝑢𝑡−𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛�+�𝑇𝑎𝑖𝑟,𝑖𝑛−𝑇𝑤𝑎𝑡𝑒𝑟,𝑜𝑢𝑡�
2

=  
𝐶𝑝 ∙ 𝜌 ∙ 𝑣 ∙ 𝐴𝑐�𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡�  
 Eq.34 
Then by combining the heat balance by the definition of the Stanton 
number (Equation 35) the NTU can be calculated in another form which 
is presented in Equation 36. 
 
𝑆𝑡 = ℎ/[𝐶𝑝 ∙ 𝜌 ∙ 𝑣]   Eq.35 
 
𝑁𝑇𝑈 = (𝐴/𝐴𝑐  ) ∙ 𝑆𝑡 Eq.36 
 
Where, Ac is the frontal surface area which is assumed to be 0.19 m2. 
Based on a former study by Marian Vlot, the Stanton Number for opti-
mal condition in the Fiwihex is 0.02 [68]. 
 
As mentioned, the operation cost of the Fiwihex is defined based on the 
fan cost. A cross flow fan with a rotor diameter of 150 mm and 1264 
mm length is coupled with the Fiwihex. Then the fan cost can be calcu-
lated based on the following equation given by the producer [37]. 
 
𝐹𝑎𝑛 𝐶𝑜𝑠𝑡 = 𝐶𝐹 ∙ ∆𝑃 ∙ Φ𝑣 Eq.37 
 
Where, Φ𝑣 is the air volume flow and it can be replaced by: 
 
Φ𝑣 = 𝑣 ∙ 𝐴𝑐 Eq.38 
 
CF is the fan cost constant parameter and it is 20 € per Watt air power as 
defined by the producer [37]. 
 
 
Furthermore, according to the discussed condition, the PBP is calculated 
for the ideal closed greenhouse and the result is presented in Table 11. 
 
 
 



 76 

 
Table 11 Ideal closed greenhouse cost analysis results 

Designing 
Load  

Maximum 
Thermal 
Capacity 
{Wh/m2} 

Total 
Electricity 
Cost 
{€/m2} 

Number of  
Boreholes  
 
{per 1000 m2} 

Borehole 
Cost  
 
{€/m2} 

Total 
Investment 
Cost  
{ €/m2} 

Total 
Annual 
Cost         
{ €/m2} 

PBP  
 
 
{Year} 

Base 
Load  

385 3 8 84 116 3,5 5 

Peak 
Load  

1296 2 14 161 193 2,5 8,5 

 
A sensitivity analysis has been carried out to assess the PBP for ideal 
closed, semi closed or partly closed conditions. This analysis has been 
studied also for two design conditions for the BTES (peak load or base-
load) for each type of greenhouse. The overall result of this analysis is 
presented in Figure 21. 

 
Figure 21 Sensitivity analysis for PBP for various types of closed greenhouse con-

figuration 
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As short-term TES, PCM and SCW have been considered. Here, it has 
been assumed that the short term TES will cover 10%-50% of the cool-
ing load in terms of power. The TRNSYS model provides initial data on 
peak load for the storage design in the ideal closed greenhouse concept 
which are about 1.2 kWhm-2 for heating and 1.7 kWhm-2 for cooling 
demand. The heating and cooling load profiles for the winter and sum-
mer chosen peak day is given in Figure 22. As shown in this figure, the 
maximum peak cooling load is 113 Wm-2 while the heating peak load is 
59 Wm-2. Therefore the cooling demand will determine the short-term 
TES sizing in order to cover a portion of the cooling load. 

 
Figure 22 Heating and Cooling load profiles for the winter and summer chosen 

peak day 

A number of design criteria are needed to be considered for sizing the 
PCM and storage tanks. Operative temperature is the main criteria for 
choosing the proper PCM material. Here, based on the given tempera-
ture, a commercial salt hydrate PCM (S19) has been considered. The 
properties for this PCM are summarized in Table 12. 

Table 12 The thermal properties of chosen PCM (S19- a commercial salt hydrate 
PCM) [69]. 

Phase change 
temperature 
 
 
(ºC) 

Density 
 
 
 
(kgm-3) 

Latent 
heat 
capacity 
 
(kJkg-1) 

Volumetric 
heat capacity  
 
 
(MJm-3) 

Thermal 
conductivity 
 
 
(Wm-1K-1) 

Price 
 
 
 
(€kg-1) 

19 1520 160 243 0.43 2 
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 The size of the PCM storage tank can be determined either by volumet-
ric heat capacity of the PCM or the PCM TES extraction power per unit 
volume of the storage, whichever will require the largest volume. The 
average thermal extraction power capacity is considered to be            
28.5 kWm-3, which has been calculated based on the prototype studied 
by Chiu et. al [70]. The storage capacity is assumed to be 68 kWhm-3 and 
a 95% packing factor is obtained in this prototype [69, 70]. According to 
the extraction power, storage capacity and the ice packing factor, the fol-
lowing required storage volume is obtained to take care of the shaved 
cooling power and the energy needed to be stored for 10-50% peak 
shaving (Table 13). Thus, it can be concluded that the volumetric heat 
capacity is the dominating design parameter in this study.  

A SCW TES system could be an alternative rather than PCM as a latent 
TES system in combination with the BTES. Stratified chilled water stor-
age (SCW) is one of the most common storage systems for the cooling 
of commercial buildings [71]. ATCYLA5000 has been selected as the 
storage tank with a volume of 5000 litres, the diameter of 1600 mm and 
the height of 2800 mm [72]. The price of a storage tank for the selected 
storage configuration is assumed to be 460 €m-3 based on given data by 
one storage tank producer [72].   

Table 13 PCM sizing based on the PCM extraction power and volumetric heat 
capacity for various peak shaving 

Percentage of maximum 
load covered by short-
term TES (%) 

50% 40% 30% 20% 10% 

Energy storage requirement 
(Whm-2) 

1296 1296 1089 928 743 

Power requirement (Wm-2) 54 48 37 26 15 

Volume requirement based 
on the storage capacity 
(m3m-2) 

1.9e-2 1.9 e-2 1.6 e -2 1.4 e -2 1.1 e -2 

Volume requirement based 
on the extraction power 
(m3m-2) 

1.9 e-3 1.7 e -3 1.3 e -3 1 e -3 0.5 e -3 
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Then, the thermoeconomic performance has been studied for all three 
proposed storage options, which were described earlier in this section 
(Methods I to III). Based on the obtained results, 14 boreholes are need-
ed per 1000 m2 closed greenhouse however; the number of boreholes 
can be reduced to 8 if the short term storage system covers 50% of the 
peak power. Table 14 shows a comparison of design parameters for 
BTES as the seasonal TES besides considering PCM or SCW as the 
short TES system.  

Table 14 a comparison for design parameters for BTES integrated with PCM 
and SCW  

Percentage 
of peak load 
covered by 
short-term 
TES (%) 

Correspond-
ing load cov-
ered by short-

term TES 
 (Whm-2) 

Correspond-
ing load cov-
ered by BTES 

 (Whm-2) 

Weight of re-
quired PCM 

(kgm-2) 

Volume of 
SCW water 

tank  
(m3 per 

1000 m2) 

Num. of 
borehole 

(per 
1000 m2) 

50% 1300 385 29 23 8 
40% 1300 385 29 23 8 
30% 1090 590 25 20 10 
20% 930 750 21 16 11 
10% 740 1040 17 12 13 
 

A cost analysis has been studied based on the mentioned design condi-
tions by considering PCM and SCW as the alternative short term TES 
system beside the BTES. The results in the form of PBP are presented in 
Figure 23.  It can be concluded from this cost analysis that the concept 
has the potential of becoming cost effective, since major investment for 
the closed greenhouse concept could be paid within 8 years due to the 
savings in auxiliary fossil fuel for the case of seasonal TES only (BTES). 
However, the payback time may be reduced to 5 years when introducing 
a short-term SCW storage to cover 50% of the peak load with the BTES 
supplying the rest. The case with a PCM storage as the short-term alter-
native is presently more expensive.  
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Figure 23 the payback period due to the various studied cases 

A sensitivity analysis has been performed in order to assess the effect of 
design parameters on the PBP. The parameters varied are as followed, 
with the “base condition” indicated, i.e. the reference point around 
which variation is analysed:  

• Peak load  
o Base condition : 113 W/m2 

• Mean temperature difference for heat exchanger design (∆tmean)  
o Base condition : 5⁰C 

• PCM latent heat 
o Base condition: 160 kJ/kg  

• PCM price 
o Base condition: 2€/kg 

• BTES investment cost 
o Base condition: 27€/m 

 
The result of this sensitivity analysis is shown in Figure 24-26.  Figure 24 
presents the sensitivity analysis for case I where the total heating and 
cooling demand is supported by BTES as seasonal thermal storage. In 
this case, the influence of peak load, mean temperature difference and 
BTES investment cost is assessed. In case II where  30% of peak cooling 
demand is covered by PCM storage as short term storage and the re-
maining thermal demand (including the heating demand in total) is sup-
ported by a seasonal BTES, the sensitivity analysis is assessed for all 
mentioned key parameters (Figure 25). Finally, the peak load, mean tem-
perature difference and BTES cost is considered in the sensitivity analy-
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sis for case III (Figure 26). In this case, 30% of peak cooling demand is 
covered by SCW storage as short term storage and the remaining thermal 
demand is supported by the seasonal BTES. In all these three cases, the 
key parameter is thus reduced and increases by 50%, with the corre-
sponding PBP calculated.  While varying one key parameter the other pa-
rameters are kept as the base condition.  

 

Figure 24 Sensitivity analysis for payback period time in case I  

 

Figure 25 Sensitivity analysis for payback period time in case II  
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Figure 26 Sensitivity analysis for payback period time in case III  

The results show that the peak load is the most decisive parameter in all 
three cases (BTES, BTES+PCM and BTES+SCW) which means that by 
reducing the energy demand (i.e. cooling demand) to cut the peak load 
by 50% the PBP is also reduced by half. The reduction in the peak load 
leads to the reducing the number of required boreholes which cut down 
the investment costs, despite the need for an investment in a short-term 
TES. The BTES investment cost turns out to be the second most signif-
icant parameter which affects the PBP. The PBP can be reduced 15%-
20% by cutting the BTES investment cost in half, since it has a consider-
able impact on the total investment cost. Although the ∆tmean for heat 
transfer has a considerable impact on the annual operation cost, the re-
sults show that it does not have any significant effect on the investment 
cost and PBP. This is because the ∆tmean has a direct impact on the annu-
al operation cost due to the operation of the fan, while it has a minor 
impact on the capital investment cost for the Fiwihex sizing.  

PCM latent heat and the PCM price are two other parameters which 
have a fairly high impact on the investment costs, annual cost and PBP. 
The PBP can be reducing 12% by considering a PCM material with 1 
€kg-1.Also, by considering a PCM with the same melting temperature 
(19ºC) but with double latent heat (320 kJkg-1) the PBP will be reduced 
by 24%. Then, in this case, PCM becomes cost effective as compared to 
the SCW. However, it is unlikely that a commercialized PCM with such a 
high latent heat for the proposed melting temperature exists currently; 
which makes this only a theoretical case at the present time.   
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4 . 3  O v e r a l l  g r e e n h o u s e  e n e r g y  
p e r f o r m a n c e   

 

The commercial greenhouse, has the highest amount of production yield 
per cultivated area, however a higher direct and indirect energy input is 
required in the commercial greenhouse in comparison with the free land 
cultivation [73].  All kinds of energy sources which are considered for 
supplying the heating and cooling demand of the greenhouse are called 
direct energy input. Then, all other types of energy inputs, such as ferti-
lizer and chemical biocides as well as labor, transportation and irrigation, 
are considered as the indirect energy inputs. Irrigation and fixed equip-
ment have the lowest portion in indirect energy use of the commercial 
greenhouses, about 1-2% of total indirect energy use. However the ferti-
lizer has the highest portion in the indirect energy use at 21%.  The por-
tion of direct and indirect energy inputs to a greenhouse is illustrated in 
Figure 27, and is based on data from the literature [74, 75, 76]. 

 

Figure 27 The portion of each energy inputs in the commercial 
greenhouses based on the literature survey [74, 75, 76]. 

 

Based on former studies, direct energy input has the highest impact on 
the overall greenhouse energy performance, and also it has a large influ-
ence on the final market price of the products [12].   

The overall energy performance in the commercial greenhouses is then 
proposed to be assessed using the following parameters, with equations 
defined in the literature [12, 77, 76]. 
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The Energy Ratio (ER) is a ratio between the system energy output and 
input. In the commercial greenhouses, the energy value of the products 
is considered as energy output while the total greenhouse energy input 
includes both direct and indirect energy inputs. Then the ER is a meas-
ure of the energy utilization efficiency in the greenhouses [12, 77, 76] and 
is represented by equation 39.  

Energy Ratio (ER) =
 energy output  [MJ

m2]

Total greenhouse energy inputs [MJ
m2]

  

 Eq.39 

The Energy Productivity (EP) indicates how much crop can be obtained 
per unit of total energy input in the greenhouse (equation 40) [12, 77, 
76]. 

Energy Productivity (EP) =
Greenhouse production yield  [kgm2]

Total greenhouse energy inputs [MJ
m2]

  

 Eq.40 

The third parameter is the Net Energy (NE) which is the net energy out-
put (output minus input energy) in the commercial greenhouse.   

Net Energy (NE) = Total greenhouse energy output [MJ
m2]−

Total greenhouse energy inputs [MJ
m2] Eq.41 

As it is described above, the overall energy performance highly depends 
on the type of greenhouse production. Then, in this study, cucumber is 
chosen as the main production for the overall energy performance as-
sessment; since it is one of the main products of the Swedish commercial 
greenhouse based on the official statistical report by Swedish statistical 
institute [78]. The total production yield of cucumber from Swedish 
commercial greenhouses is about 45 kgm-2 and the total energy output 
for cucumber production is 36 MJm-2 [79]. Then, the average total ener-
gy input in a typical commercial greenhouse in Sweden is around 490 
kWhm-2 [4]. However, the total energy input obtained by the reference 
model is 470 kWhm-2. There is thus a good agreement between all given 
energy input values. 

The overall energy performance of a greenhouse can be improved either 
by each or both of the following mechanisms: 

• energy input reduction  
• annual production yield increase  
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The closed greenhouse is an example of an energy management method 
which promises a considerable reduction in the heating demand (energy 
input reduction) and at the same time the production yield is expected to 
increase [33]. In this study, the ER and EP have been calculated only 
based on the energy input reduction. However, to still get a clear link be-
tween the value of energy and productivity, a new parameter is intro-
duced, refers to the required equivalent production yield improvement 
for obtaining the same ER and EP value for each respective opportunity. 
For example, in the closed greenhouse concept, the energy input will be 
reduced by 882 MJm-2 and it causes a 109% increasing of the ER and 
EP. Then, in a conventional greenhouse, the production yield needs to 
be increased by 49 kgm-2 (base case production yield has been considered 
45 kgm-2) in order to make the same ER and EP improvement. There-
fore the equivalent production yield improvement for the closed green-
house concept is equal to 49 kgm-2 based on the ER and EP analysis. A 
detailed assessment for equivalent production yield improvements for 
the proposed opportunities is given through Table 15. 

Table 15 The equivalent required production yield improvement for the proposed energy savings measures 

Energy saving 
measures 

Energy input re-
duction  

[MJ/m2] 

Equivalent required produc-
tion yield improvement 

[kg/m2] 

Direct vented 310 10 

Double layer thermal 
screen 

648 28 

Double glazing 
(IRAC) 

630 27 

R-10 wall insulation 195 6 

High pressure sodi-
um lighting 

169 5 

Ideal closed green-
house concept 

882 49 

 

The ER and EP improvement for all proposed energy saving opportuni-
ties is studied and the result is presented in Figure 28.  The results show 
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that the ER and EP in the closed greenhouse concept are almost two 
times higher in comparison with the conventional greenhouse. However, 
changing the lighting system and additional wall insulation has the lowest 
effect on the ER and EP improvement. Double glazing and double layer 
thermal screen has the highest impact on the ER and EP among the sin-
gle energy saving opportunities. 

 

Figure 28 Changes in energy ratio and energy productivity due to energy efficiency 
measures in a commercial greenhouse 

Additionally, the effect of constant controlled ventilation ratio on the 
overall greenhouse performance in the (single and double glazed) semi-
closed greenhouse concept is assessed using ER and EP parameter 
(Figure 29 and Figure 30).  The reference condition for this assessment is 
a single glazed conventional greenhouse and by considering a controlled 
ventilation ratio equal to 1.5 ACH (more detail information about this 
reference condition is presented in section 3.1). 

It can be concluded from Figure 29 and Figure 30, that the type of glazing 
has a considerable impact on the ER and EP. The ER and EP improve-
ment in a double glazed greenhouse is almost two times more than the 
single glazed greenhouse for similar chosen controlled ventilation ratio. 
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Figure 29 Changes in energy ratio and energy productivity due to 
the various controlled ventilation in the single glazed semi-closed 

greenhouse 

 

Figure 30 Changes in energy ratio and energy productivity due to 
the various controlled ventilation in the double glazed semi-closed 

greenhouse 
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The influence of closed portion area in the partly closed greenhouse 
concept is also studied and the result is presented in Figure 31.  

 

Figure 31 Changes in energy ratio and energy productivity due to 
the various closed portion area in the partly closed greenhouse 

 

By comparing the obtained results, it can be concluded that the maxi-
mum achieved ER and EP improvement in single glazed semi-closed 
greenhouse is still less than the minimum achievable improvement in 
semi-closed greenhouse with double glazing and the partly closed green-
house. In conclusion, the largest improvement in the ER and EP can be 
achieved by considering the partly closed greenhouse however; the semi-
closed greenhouse with double glazing has almost the same but slightly 
less improvement than the partly closed greenhouse. 

Typically, NE is a large negative value in the commercial greenhouse be-
cause of the difference between the energy input and output. The NE 
reduction due to energy performance improvement opportunities is pre-
sented in Figure 32. The result shows that by considering the closed 
greenhouse concept the NE can be reduced by more than 50%. The re-
sult also shows that the double glazing and double layer thermal screen 
has the highest impact on the NE reduction among the single energy 
saving opportunities. 
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4 . 4  E n e r g y  m a n a g e m e n t  s t r a t e g i e s  
By combining alternatives to improve the energy performance of the 
commercial greenhouses, several alternative energy management scenari-
os appear. However, no specific optimal solution has so far been de-
fined. An optimization becomes multi-objective, aiming for minimum 
CO2 emissions and maximum energy and cost efficiencies. Thus, finding 
an optimized scenario is a task of balancing these criteria and an “opti-
mum” strategy will be found considering the priority for each particular 
case.  

In this study, the proposed energy management scenarios are only based 
on the closed greenhouse concept which is a promising solution for all 
optimizing criteria [80, 30, 81, 82, 83, 35].  In order to propose this ener-
gy management pathway, the following procedure needs to be consid-
ered. First, the design objective needs to be defined. Here the main de-
sign objective is to minimize the fossil energy and to maximize the solar 
energy utilization as well as to reduce the greenhouse gas emission by 
improving the energy performance in the commercial greenhouse. Here, 
the main design constraints need to be defined as well. For example, the 
temperature should be maintained in the range of 18 to 30 ˚C and the 
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relative humidity must be kept between 75% and 85% [84]. The geologi-
cal and climatic conditions also need to be considered in this step.   

In the second step, the criteria that need to be prioritized are energy per-
formance, costs, and emission level. Here the energy performance has 
been considered as the most important design criterion while the cost is-
sue is the second most important. Thereafter, based on the design objec-
tives and the criteria requirements, some functional alternatives can be 
suggested in form of a morphological chart as proposed in Figure 33. 

A conceptual design can be obtained by combining functional alterna-
tives. For example, the energy source for heating purpose may be sup-
plied by geothermal or solar energy based on the design constraints and 
geological conditions. The proposed conceptual design does not neces-
sarily contain one single alternative for each function, but may include a 
combination of alternatives. For example, for the heating system, a com-
bination of boiler and heat pump may be selected at the same time for a 
proposed conceptual design. In the very last step, the proposed concep-
tual designs need to be evaluated based on the prioritized design criteria 
and the design objectives.  

Figure 33 presents a chart of five greenhouse energy management scenar-
ios: for Nordic (black line), temperate (blue line), tropic (green line), hot 
arid climates (red line), and the optimum scenario suggested by Van 
Ooster by choosing Netherland as the case study [32]. Here, input for 
the Nordic climate is based on the present study, whereas the temperate, 
tropic and hot arid regions have been discussed in other separate studies 
by Hemming et al. [85] but are interpreted here. The proposal of the 
concept of graphical scenarios was originally made by Van’t Ooster [32]. 
In that study, one scenario was presented for minimizing the fossil fuel 
usage in Netherland. This scenario is also included in Figure 33 (dashed 
purple line). Technologies included in the figure are those that can be 
implemented in the closed greenhouse concept.  

The main differences between the suggested scenarios are with regards 
to the energy source, as well as the cooling and dehumidification strate-
gies which depend strongly on the climatic conditions. The solar collec-
tor can be utilized in the closed greenhouse concept in the form of solar 
shielding in order to maximize the solar energy utilization and at the 
same time providing a cooling strategy [80]. It can also be utilized direct-
ly for a solar hot water system, as well as through photovoltaic panels for 
electricity generation. The solar hot water system may be recommended 
only in hot arid and tropical conditions when considering the cost. Alt-
hough the free cooling via direct ventilation may be considered as the 
easiest and the cheapest method for cooling and dehumidification of the 
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greenhouses, it is the major source of heat loss and leads to higher heat-
ing demand specifically in Nordic and temperate climate condition. 
Therefore it is not considered in the closed greenhouse concept. Howev-
er by applying controlled ventilation with recovery system, i.e., the semi-
closed concept [86], the cooling cost may be reduced considerably.  

Actually, the closed greenhouse will act as a large solar collector. There-
fore by choosing the right construction material for covering and also in-
sulating and by fully (or partly) closing the ventilation windows, the ac-
cumulated excess heat inside the greenhouse can be stored in a seasonal 
and short term thermal storage for further utilization. The results show 
that the stored heat can be sufficient for the heating demand inside the 
greenhouse, which is also reported in some previous studies  [87, 86]. In 
this pathway the greenhouse will be heated using stored solar energy in 
combination with a heat pump. Warm water is then extracted from e.g. 
the aquifer storage and delivers low temperature heat to the heat pump 
while being cooled. Then, the cooled water is returned and thus charges 
the cold side of the storage. The heat pump provides the hot water. The 
hot water will charge a short-term buffer storage which is used to level 
out the daily/hourly load in the closed greenhouse. For cooling purpose, 
cold water from the cold side storage is pumped directly into the green-
house and removes heat via a heat exchanger system. Then, the warm 
water is brought to the warm side storage charging it for the winter. The 
humidity will be the most challenging issue which must be regulated by 
the humidification and the dehumidification systems. For this purpose, 
an efficient heat exchanger must be used with capability of transferring a 
large amount of heat from water to air (heating) or from air to water 
(cooling) while the temperature difference is very low [88]. 

Dashed line: Optimum scenario suggested by Van Ooster (case study: 
Netherland [32])  
Solid black line: Suggested scenario for the northern climate condition-
case study: Sweden 
Solid red line: Suggested scenario for the hot arid climate condition 
based on Hemming study [85]  
Solid green line: Suggested scenario for the tropic climate condition 
based on Hemming study [85] 
Solid blue line: Suggested scenario for the temperate climate condition 
based on Hemming study [85] 
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Figure 33 Morphological chart of different optional technology used in closed green-
house concept based on Van Ooster study [32] 
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5 CO2 mitigation through 
uti l ization of  excess heat 
in glassed building 
sections 

 

CO2 mitigation is a key target towards sustainable development where 
avoidance of CO2 emitting heating methods in the commercial green-
house has a significant potential. The energy saving methods which have 
been studied herein, can contribute considerably to reduce the CO2 emit-
ting by way of cutting the heating demand.  This chapter presents a qual-
itative assessment of the potential for CO2 mitigation. 

5 . 1  C o m p a r a t i v e  a s s e s s m e n t  o f  C O 2  
m i t i g a t i o n  t h r o u g h  e n e r g y  s a v i n g  
o p p o r t u n i t i e s .  

In order to assess this contribution, the CO2 emission by a conventional 
greenhouse is calculated for the case study greenhouse. As discussed ear-
lier, the annual heating demand of a conventional greenhouse for the 
case study is 324 kWhm-2 and met by fuel oil. However, from statistical 
data, 63% of total annual heating demand in the commercial greenhouses 
in Sweden is supplied by biomass; while, the fossil fuels, including fuel 
oil supply about 20% of total annual heating demand [4]. Therefore, in 
addition to the fuel oil, three other main types of energy sources are 
studied here and the results are given in Table 16. 

Table 16 CO2 emission by a conventional greenhouse based on different utilized 
energy source for supplying the heating demand 

Greenhouse Energy Source Case 1 
Biomass 

Case 2 
 Fuel oil 

Case 3 
 EL 

Case 4  
Natural Gas 

CO2 Emission (ton per 1000 m2) 25 106 73 97 
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The lowest CO2 emission is corresponded to case 1 with biomass as the 
external energy source for heating purpose in the conventional green-
house; while the highest amount of CO2 emission is calculated for case 2 
where fuel oil is used to cover the heating demand. In case 3, where  
electricity is used for supplying the heating demand in the conventional 
greenhouse, the CO2 emission is calculated based on the EU-27 energy 
mix. According to the given data reported by “European Environment 
Agency”, regarding the EU-27 energy mix, 25% of total gross electricity 
is generated by coal while 23% and 3% of the generated electricity is 
supplied by conventional power plant which used natural gas and fuel 
oil, respectively [89]. Moreover, in all selected cases, the CO2 emission is 
calculated based on the conventional greenhouse total energy input 
which consists of heating demand and electricity demand (i.e. due to the 
artificial lighting systems). Then, the CO2 emission reduction due to the 
proposed energy saving methods has been studied and compared with 
conventional greenhouse for all four discussed cases. Figure 34 shows the 
amount of CO2 emission (ton CO2 per 1000 m2) while Figure 35 presents 
the percentage of CO2 emission reduction due to the proposed saving 
energy methods. 

 

Figure 34 A comparison of CO2 emission for different energy saving methods and 
conventional greenhouse based on four selected external energy sources for supplying 
the heating demand. 
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As shown in Figure 34and Figure 35, by considering the single energy sav-
ing methods, infrared anti-condensate glazing (IRAC) and double layer 
thermal screen have the highest impact on the CO2 mitigation for cases 
2-4. However, the high pressure sodium has the highest impact when the 
greenhouse heating demand is supplied by biomass in case 1. In addition, 
the closed greenhouse concept, as a multidimensional energy saving 
method, is recognized as the most promising CO2 mitigation method for 
cases 2, 3 and 4; however, it has a negative impact on the CO2 mitigation 
for case 1.  This is due to the fact that in the closed greenhouse concept, 
the required external energy is replaced by electricity which is utilized for 
cooling and heating system as well as supplementary lighting; however, 
the CO2 emission factor for the electricity (based on the EU-27 energy 
mix) is still larger in comparison with biomass. Therefore, although the 
highest energy saving can be achieved by closed greenhouse concept but 
it may not come out as the best climate change mitigation method when 
the biomass is used as the external energy sources for the commercial 
greenhouses. Alternatively, the electrical consumption in the closed 
greenhouse needs to be reduced or the electricity can be supplied from a 
renewable source to cut the CO2 emission and compete with a conven-
tional greenhouse in case 1.  

 

Figure 35 CO2 emission reduction due to the proposed energy saving methods 

To combine the concept of “closed greenhouse” with renewable electric-
ity generation, an innovative idea is here introduced as the “Solar blind 
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not only the electrical consumption will be reduced considerably because 
of the reduced cooling demand, but part of the electricity demand of the 
greenhouse can be supplied by solar energy using the solar panels. A fea-
sibility study on the CO2-mitigation potential of the solar blind system is 
assessed in the next section. 

5 . 2  T h e  S o l a r  b l i n d  c o n c e p t  – h i g h  q u a l i t y  
u t i l i z a t i o n  o f  g r e e n h o u s e  e x c e s s  h e a t  

Based on the thermoeconomic assessment, which is discussed in the 
previous chapter, it is concluded that the peak load has the major contri-
bution on the system cost effectiveness. According to this assessment, a 
50 % drop in the cooling demand can cut the PBP in half. However the 
cooling demand (excess heat) needs to be at least equal to the heating 
demand in order to keep the SER value higher than one, meaning the 
stored excess heat is sufficient to cover the heating demand in full. Shad-
ing (thermal screen) is one of the most common methods to deal with 
overheating problem in the commercial greenhouse by blocking the solar 
radiation. In this method, the indoor temperature can be reduced with-
out using any auxiliary energy. However, the main drawback of this 
method is losing a significant amount of solar energy during the sunny 
warm days. Shading with the thermal photovoltaic (PVT) solar panel, 
here called “Solar Blind” can be considered as an innovative concept in 
order to reduce the cooling demand and at the same time maximize the 
energy utilization of the received solar energy. The solar blind is a series 
of PVT panel which can rotate about their axis. Figure 36 illustrates the 
schematic profile view of the solar blind in open and close positions. In 
the open position solar radiation can pass through the greenhouse glaz-
ing however, in the closed position, the solar blind act as a shading sys-
tem. Therefore, it can be used to overcome the summer overheating 
problem and also generate extra thermal energy and electricity power.  

 

Figure 36 Schematic profile view of Solar blind 

a) Out of operation 
 (unshade mode) 

b) In operation 
 (shade mode) 
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The solar blind rotation is controlled based on the greenhouse indoor 
temperature. In this concept, when the indoor temperature exceeds the 
set point temperature, the solar blind system will operate (closed posi-
tion) and then by dropping temperature below the set point temperature 
the operation will be stopped and the solar blinds will open. As a rule of 
thumb the greenhouse indoor temperature cannot exceed 30°C and 
15°C is the lowest allowable greenhouse indoor temperature. Therefore, 
the maximum set point temperature for operating the solar blind is 30⁰C 
while the minimum set point temperature is 18⁰C. A sensitivity analysis 
has been studied also here in order to evaluate the effect of set point 
temperature on the system performance. 

5 . 2 . 1  S y s t e m  M o d e l i n g  
 The ideal closed greenhouse TRNSYS model, which has been described 
earlier in the section 4.2, is considered here for applying the solar blind 
concept. Since the greenhouse is considered to be a single gable green-
house then, PVT solar panel (type 563) is modeled and connected to the 
greenhouse roof. The typical slope of solar panels in Sweden varies be-
tween 30⁰- 60⁰from horizontal [90]. By selecting a smaller angle (i.e. for 
example 30⁰), the collector has higher efficiency in the summer and less 
in the fall and spring, while by considering a larger angle (i.e. for example 
60⁰), more solar radiation can be collected by solar panel in the fall and 
autumn. In this concept the smaller slope angle is chosen since the solar 
blind is expected to operate mainly in the warm sunny summer days. Ac-
cording to the construction issue it has been recommended that the 
slope angle of the collector needs to be close to greenhouse roof tilt an-
gle, as much as possible. 

 In order to prevent the freezing problem in winter, the working fluid in-
side solar panels is taken to be water and glycol solution (cp=3.85 
kJ/kgK). The schematic of TRNSYS solar blind model is illustrated in 
Figure 37; however, more detailed input data regarding this concept is 
given in the appendix III.  
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The solar blind is an unglazed photovoltaic thermal solar collector gen-
erating electricity from the PV cells and transferring the generated heat 
to a fluid stream passing though the tubes which are bonded to an ab-
sorber plate just underneath of the PV cells. The rejected heat from the 
PV cell to the fluid stream not only cools the PV cell to obtain higher 
power conversion efficiency, but is also transferred to a storage system 
for  satisfying a heat demand. The schematic solar blind layout is illus-
trated in Figure 38. 

PV Cell
Adhesive, substrate
Absorber plate
Flow Tube
Collector back insulation  

Figure 38 PVT layout in the solar blind concept 

As shown, there are 10 flow tube passages while there is only one inlet 
and outlet per PVT module which is demonstrated in Figure 39. 

Figure 37 schematic of solar blind model developed using TRNSYS 
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Solar cell
Flow tube
Rotating axis
Rotator pipe

 

Figure 39 Solar blind PV/T module - top view layout  

As shown in Figure 39, the inlet and outlet flow tube, as well as rotating 
pipe are aligned with the rotating axis. Then the modules can connect to 
each other in series.  

In this study, a combined photovoltaic thermal solar collector (type 563) 
is used to model the solar blind. Then, in order to choose the right data 
input for this TRNSYS type, the relevant governing equations need to be 
studied first. This section is an overview on the theoretical background 
for the solar blind system including the main governing equations based 
on the mathematical description of PVT studied by Jeff Thornton [91].  

The surface energy balance over the solar blind is shown in Figure 40. 

PV Cell

Radiative 
losses

Convective 
losses

Absorbed 
solar

Conduction 
to plate  

Figure 40 surface energy balance on PVT module based on Jeff Thornton [91]. 

As shown, the energy balance over the PVT module in the solar blind 
system can be summarized in the following equation [91]: 

𝑆 = ℎ𝑜𝑢𝑡𝑒𝑟(𝑇𝑃𝑉 − 𝑇𝑜) + ℎ𝑟𝑎𝑑�𝑇𝑃𝑉 − 𝑇𝑠𝑘𝑦�+ (𝑇𝑃𝑉−𝑇𝑎𝑏𝑠)
𝑅𝑇

  Eq.42 

Where, 𝑅𝑇, is the total thermal resistance between the PV cells and the 
absorber plate. The radiation heat transfer coefficient,  ℎ𝑟𝑎𝑑, is defined 
by Equation 43. 

 ℎ𝑟𝑎𝑑 =  𝜀𝜎(𝑇𝑃𝑉 + 𝑇𝑠𝑘𝑦)(𝑇𝑃𝑉2 + 𝑇𝑠𝑘𝑦2) Eq.43 
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The net absorbed solar radiation, S, which is equivalent to the total ab-
sorbed solar radiation minus the total PV power generation is defined by 
the following equation. 

𝑆 = (𝜏𝛼)𝑛 ∙ 𝐼𝐴𝑀 ∙ 𝐼𝑇 ∙ (1 − 𝜂𝑃𝑉)  Eq.44 

 In Equation 44, IAM which is the incidence angle modifier is calculated 
based on the following equation: 

𝐼𝐴𝑀 =  (𝜏𝛼)
(𝜏𝛼)𝑛

=
𝐼𝑏∙

(𝜏𝛼)𝑏
(𝜏𝛼)𝑛

+𝐼𝑑∙
(1+𝑐𝑜𝑠𝜃)

2 ∙(𝜏𝛼)𝑠
(𝜏𝛼)𝑛

+𝐼ℎ∙𝜌𝑔∙
(1−𝑐𝑜𝑠𝜃)

2 ∙
(𝜏𝛼)𝑔
(𝜏𝛼)𝑛

𝐼𝑡𝑜𝑡
  

 Eq.45 

Here, (𝜏𝛼) is the transmittance – absorptance product for the collector 
and the subscripts n, means normal incidence; b, means beam radiation; 
g, means ground; and s, means sky diffuse.  

Ib is beam radiation, Id is diffuse radiation, Ih is total horizontal radiation 
and Itot is total radiation including both of beam and diffuse radiation. 
The slope of collector is defined by 𝜃 in this equation. 

The net absorbed solar radiation is dependent on the PV cell efficiency 
which is a function of PV cell temperature as well as incident solar radia-
tion. The efficiency of PV cell is defined by the following equation: 

𝜂𝑃𝑉 =  𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ∙ �1 + 𝐸𝑓𝑓𝑇�𝑇𝑃𝑉 − 𝑇𝑟𝑒𝑓�� ∙ �1 + 𝐸𝑓𝑓𝐺�𝐼𝑡𝑜𝑡 − 𝐼𝑟𝑒𝑓�� 
 Eq.46 

Here, EffT is the temperature efficiency modifier and EffG os the radia-
tion efficiency modifier.  

Therefore, the generated power by the solar blind module can be calcu-
lated by the Equation 47. 

𝑝𝑜𝑤𝑒𝑟 = (𝜏𝛼)𝑛 ∙ 𝐼𝐴𝑀 ∙ 𝐼𝑇 ∙ 𝐴𝑟𝑒𝑎 ∙ 𝜂𝑃𝑉   Eq.47 

The solar blind useful heat gain can be obtained by “Hottel-Whillier-
Bliss Equation” which is given by the following equation [92]: 

𝑄𝑢 = 𝐹𝑅 ∙ 𝐴 ∙ [𝑆 − 𝑈𝐿�𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 − 𝑇𝑜�] Eq.48 

Where, FR, is the heat removal factor which is defined in the following 
equation: 
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𝐹𝑅 = �̇�∙𝐶𝑝∙(𝑇𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡−𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛)
𝐴∙[𝑆−𝑈𝐿�𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛−𝑇𝑜�]

 Eq.49 

In order to find the outlet fluid temperature, an energy balance is consid-
ered around a differential section of thermal fluid moving through the 
solar collector, hence: 

�̇� ∙ 𝐶𝑝 ∙
𝑑𝑇𝑓𝑙𝑢𝑖𝑑
𝑑𝑥

− 𝑁𝑡𝑢𝑏𝑒𝑠 ∙ �́�𝑓𝑙𝑢𝑖𝑑 = 0 Eq.50 

In addition, �́�𝑓𝑙𝑢𝑖𝑑, which is the useful heat gain per unit length of col-
lector and it is defined by the Equation 51. 

�́�𝑓𝑙𝑢𝑖𝑑 = 𝒜
ℬ
𝑇𝑓𝑙𝑢𝑖𝑑 + 𝒞

ℬ
 Eq.51 

with, 

𝒜 = −𝐷𝑡𝑢𝑏𝑒 ∙ �́� ∙ �ℎ𝑟𝑎𝑑 + ℎ𝑜𝑢𝑡𝑒𝑟 + 1
𝑅𝐵∙�́�

� − 2 ∙ 𝑘 ∙ 𝜆 ∙ 𝑚 ∙

𝑡𝑎𝑛ℎ(𝑚�𝑊−𝐷𝑡𝑢𝑏𝑒
2

�)  Eq.52 

ℬ = 1 + 𝐷𝑡𝑢𝑏𝑒 ∙ �́� ∙ �
1

ℎ𝑓𝑙𝑢𝑖𝑑∙𝜋∙𝐷𝑡𝑢𝑏𝑒
+ 1

𝐶𝐵
� ∙ �ℎ𝑟𝑎𝑑 + ℎ𝑜𝑢𝑡𝑒𝑟 + 1

𝑅𝐵∙�́�
� +

2 ∙ 𝑘 ∙ 𝜆 ∙ 𝑚 ∙ 𝑡𝑎𝑛ℎ(𝑚�𝑊−𝐷𝑡𝑢𝑏𝑒
2

�) ∙ � 1
ℎ𝑓𝑙𝑢𝑖𝑑∙𝜋∙𝐷𝑡𝑢𝑏𝑒

+ 1
𝐶𝐵
�  

 Eq.53 

𝒞 = 𝐷𝑡𝑢𝑏𝑒 ∙ �́� ∙ �𝑆 + ℎ𝑟𝑎𝑑 ∙ 𝑇𝑠𝑘𝑦 + ℎ𝑜𝑢𝑡𝑒𝑟 ∙ 𝑇𝑜 + 𝑇𝐵
𝑅𝐵∙�́�

�+ 2 ∙ 𝑘 ∙ 𝜆 ∙ 𝑚 ∙

𝑡𝑎𝑛ℎ(𝑚�𝑊−𝐷𝑡𝑢𝑏𝑒
2

�) ∙ (
𝑆+ℎ𝑟𝑎𝑑∙𝑇𝑠𝑘𝑦+ℎ𝑜𝑢𝑡𝑒𝑟∙𝑇𝑜+

𝑇𝐵
𝑅𝐵∙�́�

1
𝑅𝑇∙�́�

+ 1
𝑅𝐵∙�́�

− 1
𝑅𝑇

)  

 Eq.54 

where, �́�, is defined by : 

  �́� = 1
ℎ𝑟𝑎𝑑∙𝑅𝑇+ℎ𝑜𝑢𝑡𝑒𝑟∙𝑅𝐵+1

 Eq.55 

and  

𝑚 = ��́�∙( 1
𝑅𝑇∙�́�

+ 1
𝑅𝐵∙�́�

− 1
𝑅𝑇

)

𝑘∙𝜆
 Eq.56 
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In the above equation, TB is the temperature of interface between ab-
sorber plate and collector back insulation and RB, is the thermal re-
sistance of the collector back insulation material. 

Therefore, by substituting equation 50 into equation 51 and integrating 
the obtained equation from zero to x the outlet fluid temperature can be 
found as the following equation: 

𝑇𝑓𝑙𝑢𝑖𝑑(𝑥) = �𝑇𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 + 𝒞
𝒜
� exp �𝑁𝑡𝑢𝑏𝑒

�̇�∙𝐶𝑝

𝒞
ℬ
𝐿� − 𝒞

𝒜
 Eq.57 

 

 

5 . 2 . 2  S o l a r  b l i n d  e n e r g y  a n a l y s i s  
  

A comparative study has been assessed by considering a number of set 
point temperatures for operating the solar blind system. In this study, the 
system performance is evaluated at 18⁰C, 22⁰C, 25⁰C, 28⁰C and 30⁰C as 
system operation set point temperature.  

Cooling demand reduction is the main aim of using the solar blind. The 
maximum cooling reduction (80%) in this concept can be achieved by 
considering 18⁰C as the set point temperature, while the cooling demand 
will be reduced by 20% when the highest allowable set point temperature 
will be chosen (shown in Figure 41). However, the summation of cooling 
demand (greenhouse excess heat) and the heat gains from the solar blind 
system should not be lower than the heating demand in order to keep 
the SER above one. The SER is calculated for the proposed set point 
temperature variation and the result is shown in Figure 42. 
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Figure 41 effect of solar blind operation set point temperature on cooling demand 
reduction 

 

Figure 42 effect of solar blind operation set point temperature on SER 

As it can be seen in Figure 42 in order to keep the SER above one, the 
set point temperature needs to be higher than 24⁰C.  Therefore, the 
range of set point temperature for the solar blind system can be chosen 
between 25⁰C and 30⁰C. The result shows that, by considering a higher 
set point temperature (i.e. for example 30⁰C), the number of solar blind’s 
operation hour as well as total heat gain and electricity generation will be 
reduced correspondingly. The total heat and electricity production by so-
lar blind system is shown in Figure 43.   
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Figure 43 effect of solar blind operation set point temperature on the energy perfor-
mance 

Although the heat gain from the solar blind will be reduced by increasing 
the set point temperature, but the total excess heat will be increased. The 
total excess heat is defined as: (total heat gain by solar blind+ the excess 
heat due to the closed greenhouse overheating – closed greenhouse heat-
ing demand). The available excess heat can be utilized for covering a por-
tion of annual heating demand for a neighboring conventional green-
house. Furthermore, the generated electricity may also partially supply 
the greenhouse electricity demand for artificial lighting system. Figure 44 
presents the solar blind system contribution for covering the heating and 
electricity demand in a conventional greenhouse. The annual heating and 
electricity demand, for the conventional greenhouse is obtained from the 
reference model based, which are 300 kWhm-2 and 170kWhm-2 respec-
tively. 

One of the main aims of solar blind concept is to cut the required exter-
nal electricity in the closed greenhouse, which results in CO2 emission 
reduction. Therefore, by considering the solar blind system which is 
coupled with closed greenhouse, the CO2 emission is reduced from 27,8 
to 18,5 ton per 1000 m2 which is even 20% lower than the CO2 emission 
regarding the conventional greenhouse by considering biomass for ener-
gy source (case 1). However, in case 2, where the fuel oil is used as the 
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external energy source, the highest CO2 emission reduction (about 85%) 
can be achieved by considering solar blind. 

 

 

Figure 44 effect of solar blind operation set point temperature on supplying EL 
and heating demand 

The available excess heat and generated electricity from the solar blind 
system can also be used to supply the energy demand of a neighbor resi-
dential building. Typically, the total annual energy demand for an apart-
ment in Sweden is about 120 kWhm-2 however this amount is almost 
twice for a villa [93]. The total energy demand in a residential building in 
Sweden consists of required energy for domestic hot water, space heat-
ing demand and electricity demand for electrical appliance. If it will be 
assumed that the total energy demand  for the residential building is sup-
plied by electricity then the generated electricity through the solar blind 
can cover 12%-55% of annual energy demand in an apartment while in a 
villa, maximum 30% of the annual energy demand can be supplied using 
solar blind system.  
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 As a concluding assessment, a separate study has been performed to 
assess the feasibility of attaching a small scale closed greenhouse to a res-
idential building, here called the “attached sunspace” concept.  The 
schematic and the input TRNSYS data of the sunspace concept is illus-
trated in Figure 45. 

 
 

 
 
 

  
 
  

 
 

 
 

 
 

 The tilt angle of roof and front wall in the sunspace has been assumed 
to be 30 and 60 degrees to the horizon respectively. These tilt angles 
have been chosen close to the optimal collector slope value in Sweden 
[94].  
 

The result shows that the sunspace has a small direct influence on the 
heating demand reduction due to the conduction heat transfer between 
the sunspace and the main building; however, due to the sunspace over-
heating problem in the hot season, the annual cooling demand of the 
main building is also slightly increased as well. The heating and cooling 
demand of the residential building is compared with and without consid-
ering the sunspace for northern climate condition and it is presented in 
Table 17. 
  

Length of collectors 2 [m] 

Width of collectors 1 [m] 

Number of panels 15 

fluid specific heat 3.85 
[kJ/kg K] 

Collector slope angle 30˚ 
Storage tank Volume 1 [m3] 

Maximum Fluid flow 
rate inside collectors 

100 [kg/hr] 

Height 3 [m] 

Depth 3.6 [m] 

Width 10 [m] 

Roof angle 30˚ 

Front wall 
angle 

60˚ 

Leaf Area 
Index (LAI) 

3 

Glass wall 
U-Value 

1.4 
[W/m2K] 

Location Stockholm 

Volume 300 [m3] 
(3*10*10m) 

Windows area 18 [m2] 
Infiltration 0.5 [1/h] 

Ventilation rate 1.5 [1/h] 
Humidity of 
supply air 

50 [%] 

Supply tempera-
ture 

20 [deg. C] 

Natural ventila-
tion 

0.5 [1/h] 

Heating set 
temperature 

22 [deg. C] 

Cooling set 
temperature 

25 [deg. C] 

Occupant 5 persons 

Figure 45 The schematic and the input TRNSYS data of the sunspace concept 
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Table 17 Heating and cooling demand of building with and without considering an 
attached sunspace 

 Configuration Building without 
the sunspace 

Building with 
the sunspace  

Heating demand [MWh] 21 19 
Cooling demand [MWh] 1 2 
  

As is demonstrated in Figure 45, the upper roof of the sunspace is cov-
ered by the solar blind system. The solar blind system is assumed to op-
erate constantly; although, if the outdoor temperature drops below 5˚C, 
the water circulation system will be shut down in order to avoid the 
freezing problem and then only the PV system will continue to work. 

The heating and cooling set point temperature of the sunspace is chosen 
as 15˚C and 28˚C to provide a suitable indoor climate condition for cul-
tivation purpose. The total annual excess heat inside the sunspace due to 
the cooling demand is about 1.6 MWh while about 3 MWh of heat ener-
gy can be obtained by solar blind system. Then, in total, 25% of heating 
demand of the residential building can be covered by the attached sun-
space. The attached sunspace can also provide approximately 3.2 MWh 
electricity power per year which corresponds to almost 15% of the main 
building annual electricity demand.  

A further thermoeconomic assessment is needed in order to study the 
economic viability of this concept. However, the seasonal and short-term 
storage systems must be designed with aims of thermoeconomic study. 
In addition, a sensitivity analysis needs to be studied in order to find the 
most optimum sunspace parameters, such as sunspace dimensions, roof 
tilt angles and set point temperatures.  
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6 Discussion and 
Conclusions 

Energy conservation can be considered as the key tool in sustainable de-
velopment for different sectors. According to the proposed survey on 
the energy performance in agricultural sector in Sweden, it is concluded 
that the commercial greenhouse has a large potential in energy conserva-
tion. The energy conservation methods can be categorized into three 
groups consisting of low, medium and high impact methods. This work 
is performed based on the high impact methods, which consist of heat-
ing distribution systems, greenhouse glazing type, wall insulation, thermal 
screen and supplementary artificial lighting system.  Theoretical model-
ling, verified by the Ulriksdal case study, combined with a thermoeco-
nomic analysis has served the basis in this study. The results have led to 
three overall major conclusions: 

• A closed greenhouse, the largest commercial solar building, can 
be cost-effective, independent of fossil fuel, and have a techni-
cally robust function regardless of the climatic condition. 
 

• Of all possible energy management strategies, the largest im-
provement in greenhouse energy performance is obtained 
through the closed greenhouse concept. For the Swedish green-
house sector, this could translate into 820 GWh/year reduction 
in external energy demand for the agricultural sector.  
 

• The closed greenhouse fitted with the active solar blind system 
has the highest climate change mitigation impact for commercial 
greenhouses. In Sweden, between 195kton to 2.5Mton CO2 
emission, in total, can be reduced annually depending on the ex-
ternal energy source used in conventional greenhouses.  

It can be concluded from the obtained results that the “Double thermal 
screen” and the “Double glazing” have the highest potential for energy 
conservation in the commercial greenhouse by reducing the demand by 
60%. A thermoeconomic assessment has also been performed to evalu-
ate the economic viability for each proposed energy conservation oppor-
tunity and the results show that the most expensive opportunity can be 
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achieved by applying the double layer thermal screen with 5 years PBP. 
The low cost opportunities were identified as: the “Double polyeth-
ylene” (6 months PBP) and “Double ply IRAC” (10 months PBP).   

The results also confirm that the main energy performance improvement 
may be obtained by reducing the annual heating demand in the green-
house. The results show that about 70% of energy demand in a commer-
cial greenhouse, in the northern climate condition, is utilized for heating 
purpose due to large amount of heat loss. Thus, the closed greenhouse 
concept, consisting of a combination of high impacted energy saving 
methods to minimize the heat loss from the greenhouse, is explored. In 
this concept, there are no ventilation windows. Therefore, the excess 
heat, in forms of sensible and latent heat, needs to be harvested and 
stored to supply the heating demand in due time. 

A parameter has been introduced herein which is denoted the Surplus 
Energy Ratio (SER), defined as the ratio between available excess ther-
mal energy that can be stored in the TES system and the annual heating 
demand of the greenhouse. The SER is studied for different closed 
greenhouse configurations, namely the semi-closed greenhouse and the 
partly closed greenhouse. In the semi-closed and partly closed green-
house, some controlled ventilation will be used in order to regulate the 
indoor humidity level. The results show that the stored excess heat in an 
ideal closed greenhouse is almost three times more than its heating de-
mand; therefore, the SER for the ideal closed greenhouse is about 3 
while the SER in the conventional greenhouse is only 0.35. The maxi-
mum achieved SER for single glazed semi-closed greenhouse is about 
1.25, however it can reach 2.5 by considering double glazing. From ex-
amining the partly-closed greenhouse design, it is concluded that at least 
60% must be closed in order to achieve an SER higher than 1 for the 
complete greenhouse area. 

Thermal energy storage is an essential part of the closed greenhouse 
concept. Based on the performed thermoeconomic analysis, it can be 
concluded that the main investment for the closed greenhouse concept 
integrating BTES can be paid in 8.5 years while, by considering a combi-
nation of short-term and seasonal storage, more than 200’000 € can be 
saved annually for 10000 m2 greenhouse while the main investment will 
be paid back in under 5 years In addition, the effect of key parameters is 
studied using a sensitivity analysis and it is concluded that the peak load 
is the most decisive parameter where by reducing the peak load demand 
from the seasonal BTES system by 50% the PBP could be almost re-
duced by half. The BTES investment cost turns out to be the second 
most significant parameter which affects the PBP.  
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Moreover, it can be concluded that some of the single energy conserva-
tion methods are more practical due to higher economic benefits in 
comparison with the closed greenhouse as a multidimensional method; 
while the closed greenhouse is still nominated as the most promising en-
ergy conservation method for the commercial greenhouses. 

Besides the economic benefits due to energy conservation methods, the 
key parameter in cost effectiveness and greenhouse competitiveness in 
the global markets is highly influenced by the yield production rate. The 
effect of the suggested methods on the production yield is assessed using 
a parameter which is called “energy productivity” (EP). The EP indicates 
how much crop can be obtained per unit of total energy input in the 
greenhouse. The results show that the EP in the closed greenhouse con-
cept is almost two times higher than the corresponded value in conven-
tional greenhouse. 

Furthermore, by considering all possible alternative solutions to improve 
the energy performance of the commercial greenhouse, several energy 
management strategies appear. However, there is not any specific opti-
mal scenario since finding an optimized scenario is a task of balancing a 
multi-objective target and an “optimum” strategy will be found consider-
ing the priority for each particular case. Therefore, a specific scenario 
may be considered as an optimal solution if the minimum external ener-
gy demand needs to be concerned while, it may not be cost efficient sce-
nario. On the other hand, the minimal external energy demand may not 
achieve by considering the most cost effective scenario. In this work, 
four scenarios (based on four typical climate conditions) have been cho-
sen according to the appropriate and available technologies depending 
on the assigned climate condition. Consequently, further thermoeco-
nomic studies are needed to find the desired optimal scenario (i.e. the 
most cost effective scenario) by considering the proposed scenarios for 
all defined climate conditions.   

Using previously reported statistical data, the annual heating demand in 
the commercial greenhouses in Sweden is found to be more than 1 TWh 
and almost a quarter of this heating demand is still supplied with fossil 
fuel. Therefore, there is a large potential in the commercial greenhouse 
sector for CO2 emission reduction by cutting the heating demand. By 
considering the energy conservation opportunities in commercial green-
houses, not only is the energy performance improved, but this also con-
tributes to CO2 mitigation. It has to be noted that, although the highest 
energy saving can be achieved by the closed greenhouse concept, it may 
not be considered as the best climate change mitigation method; since 
the CO2 emission may not decrease by this concept if the heating de-
mand in the conventional greenhouse is e.g. based on biomass. Here, a 
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novel solution is proposed which is called “Solar blind system”. The So-
lar blind system consists of a PVT panel designed to minimize the CO2 
emission by also supplying part of the electricity demand in closed 
greenhouse. The result shows that the CO2 emission is reduced by 20% 
in comparison with a conventional greenhouse which is heated by bio-
mass energy, while the highest amount of CO2 emission reduction (85%) 
can be achieve by a closed greenhouse integrated with solar blind system 
in comparison with the case study greenhouse, where the fuel oil is con-
sidered as the external energy source.  

In conclusion, the closed greenhouse concept, integrated with the solar 
blind system, has a great potential to be a key design for sustainable soci-
eties in the future, providing reliable plant growing with very low envi-
ronmental impact and in addition providing heat to a local community in 
its vicinity.  
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7 Future Perspectives 

The energy performance of the closed greenhouse concept is studied in 
this work and an energy management pathway is also suggested which 
contains several alternatives for each categories. For example, with re-
gards to the category of energy storage methods, multiple types of un-
derground thermal energy storage (UTES) in combination with a short 
term storage system are suggested. In this study, however, only BTES 
was considered as seasonal storage system. Therefore, a thermoeconomic 
assessment with other types of seasonal storage systems such as aquifer 
thermal storage is highly recommended for a future study. Moreover, the 
closed greenhouse model needs to be assessed for other climate types in 
order to measure the overall system performance in various climate con-
ditions. 

A closed greenhouse together with a supplemental co-generation system, 
water treatment, waste management system etc., can be a sustainable so-
lution in a non-arable and even in urban area. This idea called “green-
house village” is a sustainable polygeneration technology and promotes 
new interactions between rural and urban areas. The greenhouse village 
will be included in the future research study. 

Finally, in this work, the novel solar blind system was introduced, and it 
can be integrated with both conventional and closed greenhouse and it 
has a great potential regarding the energy conservation and CO2 mitiga-
tion. The system energy performance of this concept is studied here; 
however, the economic viability of this concept needs to be considered 
in the future studies. The idea of attaching a small closed greenhouse 
with a solar blind system to a commercial/residential building is pro-
posed in this work, an initiative for a new research study called     the 
ACTIVE-SOLAR-HOUSE concept.  
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9 Appendixes 

I .  E n e r g y  a n d  M a s s  B a l a n c e  o f  t h e  
G r e e n h o u s e  

(This is a repeated section from Licentiate thesis as a part of this PhD study) 

The energy balance of the greenhouse consists of heat sources and heat 
sinks in the greenhouse due to various heat transfer phenomena. 

Heat Storage=Heat gains (Heat sources) + Heat losses (Heat sinks)  

 (A.1) 

Then, the following energy balance should be considered.   

𝜌𝑎𝐶𝑝𝑉𝑔ℎ
𝑑𝑇𝑎
𝑑𝑡

= 〈𝑄𝑠𝑤 + 𝑄𝐻𝑒𝑎𝑡𝑒𝑟〉
− 〈𝑄𝑙𝑤 + 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑎−𝑐 + 𝑄𝑎−𝑠 + 𝑄𝑎−𝑟𝑖 + 𝑄𝑟𝑜−𝑜
+ 𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 + 𝑄𝑓𝑜𝑟𝑐𝑒 + 𝑄𝑐𝑛〉 

 

 (A.2) 

Regarding the shortwave radiation the heat gain which is absorbed by an 
object through the greenhouse, 𝑄𝑠𝑤 {W} can be described by equation 
(A.3): 

𝑄𝑠𝑤 = 𝐴𝑜𝑏𝑗 ∙ 𝛼𝑜𝑏𝑗_𝑠𝑤 ∙ 𝐼𝑜_𝑠𝑤 (A.3) 

Here, the 𝐴𝑜𝑏𝑗{m2} is the surface area of object which it has gained heat 
by solar radiation, 𝛼𝑜𝑏𝑗_𝑠𝑤 {-} is the shortwave radiation absorption co-
efficient for the object and finally the 𝐼𝑜_𝑠𝑤  {Wm-2} is the outdoor 
shortwave radiation. The shortwave radiation absorption coefficient can 
be obtained by equation (A.4) based on the Kirchhoff’s law [95]. 

 𝛼𝑜𝑏𝑗_𝑠𝑤 = 1 − 𝛽𝑜𝑏𝑗_𝑠𝑤 − 𝜏𝑜𝑏𝑗_𝑠𝑤 (A.4) 
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Here, the 𝛽𝑜𝑏𝑗_𝑠𝑤 {-} is the shortwave radiation reflection coefficient for 
the object and 𝜏𝑜𝑏𝑗_𝑠𝑤{-} is the shortwave radiation transmission coeffi-
cient. These two parameters are readily available for many materials 
through the table of material’s properties. 

The long wave radiation is caused by the radiation heat transfer between 
two objects based on black body thermal emission phenomena. The heat 
transfer due to the long wave radiation flux, 𝑄𝑙𝑤 {W}, is expressed in 
equation (A.5). Here, it has been assumed that the all internal surfaces of 
the greenhouse have the same temperature as the greenhouse indoor 
air, 𝑇𝑎. 

𝑄𝑙𝑤 =  𝐹𝑠𝑘𝑦 ∙ (1 − 𝜀𝑐𝑜𝑣𝑒𝑟) ∙ 𝜎 ∙ �𝑇𝑎4 − 𝑇𝑠𝑘𝑦4 � + 𝐹𝑐𝑜𝑣𝑒𝑟 ∙ 𝜀𝑐𝑜𝑣𝑒𝑟 ∙ 𝜎 ∙ (𝑇𝑎4

− 𝑇𝑐𝑜𝑣𝑒𝑟4 ) 
 (A.5) 

𝐹𝑠𝑘𝑦 {-} is the view factor between the greenhouse and the sky while the 
𝐹𝑐𝑜𝑣𝑒𝑟 {-} is the view factor between the crop and soil and the green-
house’s cover. The sky view factor 𝐹𝑠𝑘𝑦 {-} is equal to 1 since the green-
house is enclosed by sky that can be assumed a black hemisphere. The 
cover view factor for the greenhouses may be assumed 0.8 based on Al-
bright since a portion of the cover can “see” itself [96]. More detailed 
calculations and empirical relationships in order to find more precise 
value for the view factors is described by Takakura [97]. 

Conduction occurs between the greenhouse’s floor and the soil as well as 
the greenhouse’s cover inside and outside. 

Conduction heat transfer can be described by the following equation 
which includes some assumptions like e.g. estimation on cover tempera-
ture and conduction resistance of the cover and soil. 

𝑄𝑐𝑜𝑛𝑑 =
𝑈𝑐𝑜𝑣𝑒𝑟𝐴𝑐𝑜𝑣𝑒𝑟�𝑇𝑐𝑜𝑣𝑒𝑟_𝑖𝑛 − 𝑇𝑐𝑜𝑣𝑒𝑟_𝑜𝑢𝑡� + 𝑈𝑓𝑙𝑜𝑜𝑟𝐴𝑓𝑙𝑜𝑜𝑟(𝑇𝑓𝑙𝑜𝑜𝑟 − 𝑇𝑆𝑜𝑖𝑙)   

 (A.6) 

The correlations regarding the inside and outside cover temperature has 
been described by de Zwart [98]. In the single glass greenhouse covering 
mode 𝑇𝑐𝑜𝑣𝑒𝑟_𝑖𝑛 and 𝑇𝑐𝑜𝑣𝑒𝑟_𝑜𝑢𝑡 can be assumed equal therefore there is 
not any conduction term for the greenhouse cover in this situation [50].  
The overall heat transfer coefficient for the cover is estimated to be the 
same as glazing U-value although in the more accurate correlation, the 
radiative and convective parts can be considered in the total apparent 
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conductance. Here, in order to keep simplicity the cover is modeled as a 
single resistance. The U-value for the different covering material can be 
found in many handbooks. However the overall heat transfer coefficient 
for the floor is calculated 0.69 based on Ooteghem correlations [50]. The 
soil temperature can be estimated by using the following correlation [50]: 

𝑇𝑠𝑜𝑖𝑙 = 𝑇𝑜 + 15 + 2.5sin (1.72 ∙ 10−2 ∙ (𝑑𝑎𝑦 𝑛𝑟.−140)) (A.7) 

 

The convective heat flux from indoor air to the crop, soil and the roof 
are important to the greenhouse energy balance. However, there are 
some other convective heat fluxes which should be considered as well. 
These heat fluxes due to convective heat transfer are given by following 
equations. 

The convective heat transfer between indoor greenhouse air and the crop which 
it causes the evapotranspiration: 

𝑄𝑎−𝑐 = 𝐴𝑐 ∙ ℎ𝑎−𝑐 ∙ (𝑇𝑎 − 𝑇𝑐) (A.8) 

Where 

 ℎ𝑎−𝑐 = 𝜌𝑎∙𝐶𝑝𝑎
𝑅𝑙

   (A.9) 

 𝑅𝑙 = 1174 √𝑙𝑓
(𝑙𝑓∙|𝑇𝑐−𝑇𝑎|+207𝜗𝑖𝑛

2)0.25 (A.10) 

and 𝑙𝑓 {m} is the mean leaf width and it is assumed to be 0.035. 

 

The convective heat transfer between indoor greenhouse air and the soil: 

𝑄𝑎−𝑠 = 𝐴𝑠𝑜𝑖𝑙 ∙ ℎ𝑎−𝑠 ∙ (𝑇𝑎 − 𝑇𝑠𝑜𝑖𝑙) (A.11) 

Where, 

ℎ𝑎−𝑠 = �1.7|𝑇𝑎 − 𝑇𝑠𝑜𝑖𝑙|
1
3�     𝑇𝑎 < 𝑇𝑠𝑜𝑖𝑙

1.3|𝑇𝑎 − 𝑇𝑠𝑜𝑖𝑙|
1
4�     𝑇𝑎 ≥ 𝑇𝑠𝑜𝑖𝑙

 (A.12) 
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The convective heat transfer between indoor greenhouse air and the inside of 
the cover: 

𝑄𝑎−𝑟𝑖 = 𝐴𝑐𝑜𝑣𝑒𝑟 ∙ ℎ𝑎−𝑟𝑖 ∙ (𝑇𝑎 − 𝑇𝑐𝑜𝑣𝑒𝑟_𝑖𝑛) (A.13) 

Where,  

ℎ𝑎−𝑟𝑖 = 3�𝑇𝑎 − 𝑇𝑐𝑜𝑣𝑒𝑟_𝑖𝑛�
1
3�  (A.14) 

 

The convective heat transfer correlation between outdoor air and the indoor 
side of the cover: 

𝑄𝑟𝑜−𝑜 = 𝐴𝑐𝑜𝑣𝑒𝑟 ∙ ℎ𝑟𝑜−𝑜 ∙ (𝑇𝑐𝑜𝑣𝑒𝑟_𝑜𝑢𝑡 − 𝑇𝑜𝑢𝑡) (A.15) 

Where,  

ℎ𝑟𝑜−𝑜 = �
2.8 + 1.2𝜗𝑜𝑢𝑡     𝜗𝑜𝑢𝑡 < 4 {𝑚𝑠−1}
2.5 𝜗𝑜𝑢𝑡0.8         𝜗𝑜𝑢𝑡 > 4 {𝑚𝑠−1}

 (A.16) 

 

The natural ventilation including the infiltration and ventilation through the 
windows: 

𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 = 𝜌𝑎 ∙ 𝐶𝑝𝑎 ∙ 𝜑𝑎(𝑇𝑎 − 𝑇𝑜𝑢𝑡) (A.17) 

the volume flow rate 𝜑𝑎{m3s-1} is a combination of the infiltration flow 
rate due to leakage 𝜑𝑙𝑒𝑎𝑘{m3s-1} and the ventilation flow rate through 
the windows, 𝜑𝑤𝑖𝑛{m3s-1}.  

Where, 

𝜑𝑙𝑒𝑎𝑘 = 𝐴𝑠𝑜𝑖𝑙(8.3 ∙ 10−5 + 3.5 ∙ 10−5 ∙ 𝜗𝑜𝑢𝑡 ∙ 𝑓𝑖𝑛𝑓) (A.18) 

 

The convective heat transfer due to forced ventilation, through the ventilation 
system e.g. via fans and the heat recovery system: 

𝑄𝑓𝑜𝑟𝑐𝑒 = (1 − 𝑓𝑣𝑒𝑛𝑡𝜂𝑣𝑒𝑛𝑡)[𝜌𝑎 ∙ 𝐶𝑝𝑎 ∙ 𝜑𝑣𝑒𝑛𝑡(𝑇𝑖𝑛 − 𝑇𝑣𝑒𝑛𝑡) + (𝑚𝑎𝑤−𝑚𝑣𝑒𝑛𝑡𝑤) ∙
𝐿] (A.19) 

In the convective heat transfer correlation due to the force ventilation, 
the 𝑓𝑣𝑒𝑛𝑡 {-} is the functional parameter for the ventilation system. 
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𝑓𝑣𝑒𝑛𝑡{-} is 0 whenever the ventilation system is off and it becomes 1 
while the ventilation system is running. In addition  𝜂𝑣𝑒𝑛𝑡{-} is the heat 
recovery factor for the ventilation system and it has stated that a reason-
able assumption is 0.9 [51]. This means that 90% of the heat can be re-
covered by the heat recovery device integrated with the ventilation sys-
tem. 

 

The convective heat transfer from the cooling net to the indoor greenhouse air: 

𝑄𝑐𝑛 = 𝐴𝑐𝑛 ∙ ℎ𝑐𝑛 ∙ (𝑇𝑐𝑛 − 𝑇𝑎) (A.20) 

 

The change in humidity and CO2 concentration are evaluated by means 
of a mass balance over the closed greenhouse. 

The water concentration in the greenhouse is calculated by equation 
(A.21) 

𝑑𝐶𝑖𝑛−𝐻2𝑂
𝑑𝑡

= �̇�𝑐_𝐻2𝑂−�̇�𝑐𝑜𝑣𝑒𝑟_𝑖𝑛_𝐻2𝑂−�̇�𝑐𝑛_𝐻2𝑂−�̇�𝑣𝑒𝑛𝑡_𝐻2𝑂

𝑉𝑔ℎ
  (A.21) 

In the above equation, 
𝑑𝐶𝑖𝑛−𝐻2𝑂

𝑑𝑡
 {kg (H2O) m-3 s-1} is the rate of change 

in water concentration which is dependent on: the mass flow rate of wa-
ter vapor from crop to air due to respiration (�̇�𝑐_𝐻2𝑂{kg(H2O)s-1}); the 
mass flow rate of water vapor from the greenhouse indoor air through 
the greenhouse cover inside(�̇�𝑐𝑜𝑣𝑒𝑟_𝑖𝑛_𝐻2𝑂 {kg(H2O)s-1}) where water 
condenses; the mass flow rate of water vapor from the indoor green-
house air removed through the cooling system via condensation 
(�̇�𝑐𝑛_𝐻2𝑂{kg(H2O)s-1}); and the mass flow rate of water vapor removed 
from the greenhouse indoor air by means of ventilation 
(�̇�𝑣𝑒𝑛𝑡_𝐻2𝑂{kg(H2O)s-1}). These parameters are described in the follow-
ing equations. 

�̇�𝑐_𝐻2𝑂 = max (𝐴𝑐 ∙ 𝑘𝑐 ∙ (𝐶𝑐−𝐻2𝑂 − 𝐶𝑎−𝐻2𝑂),0)   (A.22) 

Here, the 𝐴𝑐{m2} is the crop surface area; 𝑘𝑐{ms-1} is the mass transfer 
coefficient of the water vapor from the crop to the greenhouse indoor 
air, which is defined as equation (A.23).  

𝑘𝑐 = 1

𝑅𝑑𝑖𝑓+
𝑅𝑐𝑢𝑡∙𝑅𝑠
𝑅𝑐𝑢𝑡+𝑅𝑠

  (A.23) 
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Here, 𝑅𝑑𝑖𝑓 {sm-1} is the boundary layer resistance to diffusion of the wa-
ter, equation (A.24) and the Lewis number 𝐿𝑒 {-} is equal to 0.89 for 
water vapor in the air. The 𝑅𝑐𝑢𝑡  {sm-1} which is the leaf cuticular re-
sistance is assumed to be equal to 2000 {sm-1} [50]. 

𝑅𝑑𝑖𝑓 = 𝐿𝑒2 3� 𝑅𝑙 (A.24) 

The 𝐶𝑐−𝐻2𝑂 {kg (H2O) m-3 (air)} is the saturated concentration of water 
vapor at the temperature of the crop while the 𝐶𝑎−𝐻2𝑂{kg (H2O) m-3 

(air)} is the saturated concentration of water vapor at the greenhouse in-
door temperature. If the 𝐶𝑐−𝐻2𝑂 ≤ 𝐶𝑎−𝐻2𝑂 no evapotranspiration occur 
and �̇�𝑐_𝐻2𝑂 {kg(H2O)s-1} becomes 0.  

The mass flow rate of water vapor from the greenhouse indoor air which 
is condensed on the greenhouse cover inside, �̇�𝑐𝑜𝑣𝑒𝑟_𝑖𝑛_𝐻2𝑂{kg(H2O)s-

1}can be obtained by equation (A.25) 

�̇�𝑐𝑜𝑣𝑒𝑟_𝑖𝑛_𝐻2𝑂 = max (𝐴𝑐𝑜𝑣𝑒𝑟 ∙ 𝑘𝑟 ∙ (𝐶𝑎−𝐻2𝑂 − 𝐶𝑟𝑖−𝐻2𝑂),0)  

 (A.25)   

Here, 𝐶𝑟𝑖−𝐻2𝑂 is the saturation concentration at the temperature of the 
cover. Then, if 𝐶𝑎−𝐻2𝑂 ≤ 𝐶𝑟𝑖−𝐻2𝑂 no evapotranspiration will occur and 
�̇�𝑐𝑜𝑣𝑒𝑟_𝑖𝑛_𝐻2𝑂  {kg(H2O)s-1} becomes 0. Correspondingly the 𝑘𝑟{ms-1} 
is the mass transfer coefficient of the water vapor from the greenhouse 
indoor air to the greenhouse inside cover, which is defined as equation 
(A.26).   

𝑘𝑟 = ℎ𝑎−𝑟𝑖
𝜌𝑎∙𝐶𝑝𝑎∙𝐿𝑒

2
3�
  (A.26) 

Here, the ℎ𝑎−𝑟𝑖{Wm-2K-1} is the convective heat transfer coefficient be-
tween the indoor greenhouse air and the indoor side of the greenhouse 
covers and the  𝐿𝑒 {-} is again approximaterly equal to 0.89 [50]. 

The amount of water vapor condensed in the integrated cooling net (e.g. 
cooling pipes), �̇�𝑐𝑛_𝐻2𝑂 {kg(H2O)s-1}, can be obtained by equation 
(A.27) 

�̇�𝑐𝑛_𝐻2𝑂 = max (𝐴𝑐𝑛 ∙ 𝑘𝑐𝑛 ∙ (𝐶𝑎−𝐻2𝑂 − 𝐶𝑐𝑛−𝐻2𝑂),0)  (A.27)   

As before, 𝐶𝑐𝑛−𝐻2𝑂 represents the saturation concentration at the tem-
perature in the cooling net. If the 𝐶𝑎−𝐻2𝑂 ≤ 𝐶𝑐𝑛−𝐻2𝑂 no evapotranspira-
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tion will be occur and �̇�𝑐𝑛_𝐻2𝑂  {kg(H2O)s-1} becomes zero. Corre-
spondingly the 𝑘𝑐𝑛{ms1} is the mass transfer coefficient of the water 
vapor from the greenhouse indoor air to the greenhouse cooling net, 
which is defined as equation (A.21).   

𝑘𝑐𝑛 = ℎ𝑐𝑛
𝜌𝑎∙𝐶𝑝𝑎∙𝐿𝑒

2
3�
  (A.21) 

Here, the ℎ𝑐𝑛{Wm-2K-1} is convective heat transfer coefficient between 
the indoor greenhouse air and the indoor side of the greenhouse cover. 
The  𝐿𝑒 {-} is equal to 0.89 for water vapor in the air. 𝐴𝑐𝑛 is the cooling 
net surface area and it can be calculated using equation [50]. 

The rate of water vapour losses through the ventilation system is calcu-
lated using equation (A.22). 

�̇�𝑣𝑒𝑛𝑡_𝐻2𝑂 = 𝜑𝑣𝑒𝑛𝑡 ∙ (𝐶𝑎−𝐻2𝑂 − 𝐶𝑜−𝐻2𝑂)  (A.22) 

 

The rate of change in CO2 concentration inside the greenhouse,  
𝑑𝐶𝑎−𝐶𝑂2

𝑑𝑡
 {kg (CO2) m-3 s-1} is calculated using equation (A.23) 

𝑑𝐶𝑎−𝐶𝑂2
𝑑𝑡

= �̇�𝑖𝑛_𝐶𝑂2−�̇�𝑐__𝐶𝑂2−�̇�𝑜𝑢𝑡_𝐶𝑂2
𝑉𝑔ℎ

  (A.23) 

Here �̇�𝑖𝑛_𝐶𝑂2  {kg (CO2) s-1} is the mass flow rate of carbon dioxide 
which is supplied to the greenhouse.  One CO2 sink term is through the 
respiration by the crop, �̇�𝑐_𝐶𝑂2 {kg (CO2) m-2(soil)s-1}. In addition, CO2 
is lost from the greenhouse through the ventilation,  
�̇�𝑜𝑢𝑡_𝐶𝑂2{kg(CO2)s-1}as estimated by equation (A.24).   

�̇�𝑜𝑢𝑡_𝐶𝑂2 = 𝜑𝑣𝑒𝑛𝑡 ∙ (𝐶𝑖𝑛_𝐶𝑂2 − 𝐶𝑜𝑢𝑡_𝐶𝑂2 ) (A.24) 

Where the 𝜑𝑣𝑒𝑛𝑡  {m3s-1} is the ventilation volumetric flow rate while 
𝐶𝑖𝑛𝐶𝑂2  {kgm-3} and 𝐶𝑜𝑢𝑡𝐶𝑂2{kgm-3} are the CO2 concentration on in-
door and outdoor greenhouse. 

The amount of CO2 consumed through the respiration can be found 
through many correlations available in the literature [99], [98], [50]. 
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I I .  G o v e r n i n g  E q u a t i o n  u s e d  i n  t h e  
T R N S Y S  G r e e n h o u s e  M o d e l  

 

The energy balance for an arbitrary geometry through the TRNSYS 16 
has been described using equation (B-1). 

�̇�𝑖 = �̇�𝑠𝑢𝑟𝑓,𝑖 + �̇�𝑖𝑛𝑓,𝑖 + �̇�𝑣𝑒𝑛𝑡 + �̇�𝑔𝑐,𝑖 + �̇�𝑐𝑝𝑙𝑔,𝑖  (B-1) 

Here the �̇�𝑖  is the net heat gain in the zone i, �̇�𝑠𝑢𝑟𝑓,𝑖 is the total gain 
from the surface in the zone i, �̇�𝑖𝑛𝑓,𝑖 is the infiltration gains in the zone 
i, �̇�𝑣𝑒𝑛𝑡 is the ventilation gains from the user defined sources in the zone 
i, �̇�𝑔𝑐,𝑖 is the internal convective gains by the crops, people, equipment 
and etc. in the zone i and finally the �̇�𝑐𝑝𝑙𝑔,𝑖 is the convective heat gains 
from the adjacent zones. The �̇�𝑖𝑛𝑓,𝑖 can be find by the equation (B-2) 

�̇�𝑖𝑛𝑓,𝑖= �̇�𝑖𝑛𝑓,𝑖∙𝑐𝑝∙(𝑇𝑜−𝑇𝑎) (B-2) 

Here, the �̇�𝑖𝑛𝑓,𝑖 will be calculated by equation (B-3) 

�̇�𝑖𝑛𝑓,𝑖 = 𝜌𝑎 ∙ 𝑉𝑎 ∙ (𝐾1 + 𝐾2|𝑇𝑜 − 𝑇𝑎| + 𝐾3 ∙ 𝜐) (B-3) 

Here, K1, K2 and K3 are empirical constants which are given in the fol-
lowing table based on the ASHRAE handbook of fundamental [51] 

Table B-1 summary of model details used in the TRNSYS greenhouse modeling  

Construction K1 K2 K3 Condition 

Tight 0.100 0.011 0.034 New building where special precautions 
have been taken to prevent infiltration. 

Medium 0.100 0.017 0.049 Building constructed using conventional 
construction procedures. 

Loose 0.100 0.023 0.070 Evidence of poor construction on older 
buildings where joints have separated. 

 

The �̇�𝑣𝑒𝑛𝑡 is the ventilation gains that is produced by a user defined ven-
tilation system is given by equation (B-4) [100] 
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�̇�
𝑣𝑒𝑛𝑡=12(tan (𝑣𝑒𝑛𝑡 𝑎𝑛𝑔𝑒𝑙)∙𝐴𝑣𝑒𝑛𝑡∙𝑐𝑑𝑐𝑝�

𝑔𝐻
2 ∙

�𝑇𝑜−𝑇𝑖𝑛�
𝑇𝑚𝑒𝑎𝑛

+𝑐𝑤.𝜗2)∙𝑐𝑝∙(𝑇𝑣𝑒𝑛𝑡−𝑇𝑎)
 (B-4) 

Where the ventilation angle is assumed to be 19⁰ and cd, ventilation dis-
charge coefficient and cw, wind discharge coefficient are assumed to be 
0.75 and 0.9 respectively.  

The final two terms in equation (B-1) are represented for the internal 
convective gains due to the appliances and the occupants, �̇�𝑔𝑐,𝑖 and the 
convective gains due to the coupling zones �̇�𝑐𝑝𝑙𝑔,𝑖. The �̇�𝑐𝑝𝑙𝑔,𝑖 has been 
presented by equation (B-5) due to the TRNSYS  

�̇�𝑐𝑝𝑙𝑔= �̇�𝑐𝑝𝑙𝑔,𝑖∙𝑐𝑝∙(𝑇𝑎𝑑𝑗−𝑇𝑎) (B-5) 

As mentioned, the �̇�𝑠𝑢𝑟𝑓,𝑖 is the total gain from all inside and outside 
surface. It includes the net radiative heat transfer with all surfaces within 
the zone as well outside surfaces, convection heat flux from the inside 
surfaces to the zone air, the convection heat flux from the outside sur-
face to the ambient, the conduction heat flux from the wall at the inside 
surfaces and the conduction heat flux into the wall at the outside surfac-
es. In order to calculate the �̇�𝑠𝑢𝑟𝑓,𝑖 the surface heat fluxes should be ana-
lysed. In the figure (B-1) the surface heat fluxes and relevant tempera-
tures have been presented. 

 

Figure B-1 The layout of the surface heat fluxes and temperatures within TRNSYS 
model 

The convective heat flux from the inside surfaces to the greenhouse air 
are calculated by employing the star network which is introduced by 
Seem [101]. The star temperature which is an artificial temperature node 
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can be used to obtain the net radiative and convective heat flux from the 
inside of surfaces. The combined convective and radiative heat fluxes for 
the inside and outside surfaces are presented in the following equations.  

�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 = �̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 + �̇�𝑟,𝑠𝑢𝑟𝑓,𝑖𝑛  (B-6) 

With 

�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 = ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛(𝑇𝑠𝑢𝑟𝑓,𝑖𝑛 − 𝑇𝑠𝑡𝑎𝑟) (B.7) 

And  

�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = �̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 + �̇�𝑟,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡  (B-8) 

With 

�̇�𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡(𝑇𝑜 − 𝑇𝑠𝑢𝑟𝑓,𝑜𝑢𝑡)  (B-9)  

�̇�𝑟,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = 𝜎𝜀𝑠𝑢𝑟𝑓,𝑜𝑢𝑡(𝑇𝑠𝑢𝑟𝑓,𝑜𝑢𝑡
4 − 𝑇𝑠𝑘𝑦4)   (B-10) 

𝑇𝑓𝑠𝑘𝑦 = �1 − 𝑓𝑠𝑘𝑦�𝑇𝑎 + 𝑓𝑠𝑘𝑦𝑇𝑠𝑘𝑦  (B-11) 

However, the convection heat transfer coefficient (ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛) can be 
calculated by following equations based the proposed conditions: 

Vertical Surface:   

ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 = 2.11(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.31 : 𝑇𝑠𝑢𝑟𝑓 > 𝑇𝑎 (B-12) 

ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 = 1.87(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.25 : 𝑇𝑠𝑢𝑟𝑓 < 𝑇𝑎 (B-13) 

Vertical Surface: 

  ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑖𝑛 = 1.5(𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎)0.25 (B-14) 

And the convection heat transfer coefficient between outdoor green-
house air and outside greenhouse cover (ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 ) is given by the 
following correlation: 

 

ℎ𝑐𝑜𝑛𝑣,𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = �10.08 + 10.8𝜗𝑜𝑢𝑡 ∶                           𝑇𝑖𝑙𝑡 𝑟𝑜𝑜𝑓
5.7 + 3.8𝜗𝑜𝑢𝑡  ∶    𝑤𝑎𝑙𝑙𝑠 𝑎𝑛𝑑 𝑤𝑖𝑛𝑑𝑜𝑤𝑠          (B-15) 

Then the energy balances at the inside and outside surfaces will be de-
fined by equation (B-16) and (B-17) 
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�̇�𝑠𝑢𝑟𝑓,𝑖𝑛 = �̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 + 𝐼𝑠𝑢𝑟𝑓,𝑖𝑛 + 𝑂𝑡ℎ𝑒𝑟 𝑤𝑎𝑙𝑙 𝑔𝑎𝑖𝑛 (B-16) 

�̇�𝑠𝑢𝑟𝑓,𝑜𝑢𝑡=�̇�𝑐𝑜𝑚𝑏,𝑠𝑢𝑟𝑓,𝑖𝑛 + 𝐼𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 (B-17) 

The “other wall gain” in the equation (B-16) represents for any user-
defined energy flow to the inside surfaces. For the internal surfaces the 
𝐼𝑠𝑢𝑟𝑓,𝑖𝑛 is consists of short and long wave radiation however for the ex-
ternal surfaces the 𝐼𝑠𝑢𝑟𝑓,𝑜𝑢𝑡  has been assumed that consists of short 
wave radiation only. 

The transfer function relationship of Mitalas and Arseneault has been 
employed in order to solve the defined energy equation by the TRNSYS  
[102]. The energy balances at the inside and outside surfaces can be re-
formulated using the Mitalas and Arseneault’s transfer function which is 
given by equations (B-18) and (B-19). 

�̇�𝑠𝑢𝑟𝑓,𝑖𝑛 = � 𝑏𝑘𝑠𝑢𝑟𝑓

𝑛𝑏𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 − � 𝑐𝑘𝑠𝑢𝑟𝑓

𝑛𝑐𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑖𝑛 − � 𝑑𝑘𝑠𝑢𝑟𝑓

𝑛𝑑𝑠𝑢𝑟𝑓

𝑘=0

�̇�𝑘𝑠𝑢𝑟𝑓,𝑖𝑛 

 (B-18) 

  
�̇�𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 =
∑ 𝑎𝑘𝑠𝑢𝑟𝑓
𝑛𝑎𝑠𝑢𝑟𝑓
𝑘=0 𝑇𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 − ∑ 𝑏𝑘𝑠𝑢𝑟𝑓

𝑛𝑏𝑠𝑢𝑟𝑓
𝑘=0 𝑇𝑘𝑠𝑢𝑟𝑓,𝑖𝑛 − ∑ 𝑑𝑘𝑠𝑢𝑟𝑓

𝑛𝑑𝑠𝑢𝑟𝑓
𝑘=0 �̇�𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡  

 (B-19) 

Here, 𝑘 is referring to the time. However the above mentioned equations 
are evaluated at the equal time intervals. The entire transfer function co-
efficient (a, b, c and d) will be calculated within the TRNSYS program 
for each surface based on its boundary conditions and other either user-
defined or pre-defined (from the TRNSYS library) thermal properties. 
Here, there is an example of the calculated transfer function coefficient 
for a wall. 

                              ---------- WALL TYPE OUTWALL ---------- 

THERMAL CONDUCTANCE, U= 1.29459 kJ/h m2K; U-Wert=0.33889 W/m2K 

              (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 

                        TRANSFERFUNCTION COEFFICIENTS 

   K                A                          B                         C                       D 

   0       3.2347220E+01    4.6108121E-07    8.5637958E+01    1.0000000E+00 
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   1      -8.3102454E+01    1.1258347E-03   -1.8830578E+02   -1.6130724E+00 

   2       7.3758362E+01    1.4114478E-02    1.3594825E+02    7.3893964E-01 

   3      -2.5947577E+01    2.0544029E-02   -3.6318492E+01   -9.6755787E-02 

   4       3.0776328E+00    5.4709359E-03    3.1552813E+00    2.9990448E-03 

   5      -9.2454445E-02     2.7728192E-04   -7.6256865E-02     -2.6802039E-05 

   6       8.0761724E-04    2.3631161E-06    5.7631074E-04    4.4792224E-08 

   7      -1.3414615E-06    2.5685684E-09   -7.8410638E-07 

  SUM  4.1535386E-02    4.1535386E-02    4.1535386E-02    3.2083778E-02 

 

Then by applying the equation (B-18) and (B-19) into the equation (B-
16) and (B-17) respectively, the following general transformed energy 
equation can be obtained. 

�̇�𝑠𝑢𝑟𝑓,𝑖𝑛=𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑎,𝑠𝑢𝑟𝑓 − 𝐶𝑠𝑢𝑟𝑓 ∙ 𝑇𝑎,𝑠𝑢𝑟𝑓 − 𝐷𝑠𝑢𝑟𝑓 (B-20) 

�̇�𝑠𝑢𝑟𝑓,𝑜𝑢𝑡=𝐴𝑠𝑢𝑟𝑓 ∙ 𝑇𝑎,𝑠𝑢𝑟𝑓 − 𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑎,𝑠𝑢𝑟𝑓 − 𝐷𝑠𝑢𝑟𝑓 (B-21) 

 

Where, 

𝐵𝑠𝑢𝑟𝑓 = 𝑒𝑠𝑢𝑟𝑓∙ℎ𝑠𝑢𝑟𝑓,𝑜𝑢𝑡

(1−𝑓𝑠𝑢𝑟𝑓)
 (B-22) 

  

𝐶𝑠𝑢𝑟𝑓 = 𝑓𝑠𝑢𝑟𝑓
(𝑓𝑠𝑢𝑟𝑓−1)

� 1
(𝑅𝑒𝑞,𝑖𝐴𝑠𝑢𝑟𝑓,𝑖𝑛)

�  (B-23) 

𝐷𝑠𝑢𝑟𝑓 = 𝑓𝑠𝑢𝑟𝑓∙𝐼𝑠𝑢𝑟𝑓,𝑖𝑛+𝑒𝑠𝑢𝑟𝑓�𝐼𝑠𝑢𝑟𝑓,𝑜𝑢𝑡−𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡�+𝐾𝑠𝑢𝑟𝑓,𝑖𝑛

(1−𝑓𝑠𝑢𝑟𝑓)
  (B-24) 

𝑒𝑠𝑢𝑟𝑓 = 𝑈𝑠𝑢𝑟𝑓
𝑈𝑠𝑢𝑟𝑓−ℎ𝑠𝑢𝑟𝑓,𝑜𝑢𝑡

 (B-25) 

𝑓𝑠𝑢𝑟𝑓 = (𝑒𝑠𝑢𝑟𝑓 − 1)𝑈𝑠𝑢𝑟𝑓 ∙ 𝑅𝑒𝑞,𝑖 ∙ 𝐴𝑠𝑢𝑟𝑓,𝑖𝑛  (B-26) 
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𝐾𝑠𝑢𝑟𝑓,𝑖 = � 𝑏𝑘𝑠𝑢𝑟𝑓

𝑛𝑏𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 − � 𝑐𝑘𝑠𝑢𝑟𝑓

𝑛𝑐𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑖𝑛

− � 𝑑𝑘𝑠𝑢𝑟𝑓

𝑛𝑑𝑠𝑢𝑟𝑓

𝑘=0

�̇�𝑘𝑠𝑢𝑟𝑓,𝑖𝑛 

  (B-27) 

𝐾𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 = � 𝑎𝑘𝑠𝑢𝑟𝑓

𝑛𝑎𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 − � 𝑏𝑘𝑠𝑢𝑟𝑓

𝑛𝑏𝑠𝑢𝑟𝑓

𝑘=0

𝑇𝑘𝑠𝑢𝑟𝑓,𝑖𝑛

− � 𝑑𝑘𝑠𝑢𝑟𝑓

𝑛𝑑𝑠𝑢𝑟𝑓

𝑘=0

�̇�𝑘𝑠𝑢𝑟𝑓,𝑜𝑢𝑡 

 (B-28) 

Then the total heat gain from surfaces in each zone can be expressed by 
equation (B-29) 

�̇�𝑠𝑢𝑟𝑓,𝑖 = �𝐴𝑠𝑢𝑟𝑓 ∙ �̇�𝑐𝑜𝑚𝑏,𝑖

= � �𝐴𝑠𝑢𝑟𝑓 ∙
𝑖=1

𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗

𝑗=1

𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑠𝑡𝑎𝑟,𝑗

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑎

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑠𝑡𝑎𝑟

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝑘𝑛𝑜𝑤𝑛 𝑏𝑜𝑢𝑛𝑑

𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑏,𝑠𝑢𝑟𝑓 

− � 𝐴𝑠𝑢𝑟𝑓(
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑧𝑜𝑛𝑒 𝑖

𝐶𝑠𝑢𝑟𝑓 ∙ 𝑇𝑠𝑡𝑎𝑟,𝑖 − 𝐷𝑠𝑢𝑟𝑓

− 𝐼𝑠𝑢𝑟𝑓,𝑖) 
 (B-29) 

 The convective heat flux from the inside surfaces to the greenhouse air 
are calculated by employing the star network which is introduced by 
Seem [101]. The star temperature which is an artificial temperature node 
can be used to obtain the net radiative and convective heat flux from the 
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inside of surfaces. The following equation has been obtained by applying 
the energy balance using the star network: 

�̇�𝑠𝑢𝑟𝑓,𝑖 = 1
𝑅𝑠𝑡𝑎𝑟,𝑖

(𝑇𝑠𝑡𝑎𝑟,𝑖 − 𝑇𝑖) (B-30)  

The equation (B-31) has been obtained by equating and then regrouping 
the equation (B-32) and (B-33). 

�
1

𝑅𝑠𝑡𝑎𝑟,𝑖
− � 𝐴𝑠𝑢𝑟𝑓 ∙

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐵𝑠𝑢𝑟𝑓

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐶𝑠𝑢𝑟𝑓�𝑇𝑠𝑡𝑎𝑟

− � � �𝐴𝑠𝑢𝑟𝑓 ∙
𝑖=1

𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗

𝑗=1

𝐵𝑠𝑢𝑟𝑓� 𝑇𝑠𝑡𝑎𝑟,𝑗

= � � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐵𝑠𝑢𝑟𝑓� 𝑇𝑎

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝑘𝑛𝑜𝑤𝑛 𝑏𝑜𝑢𝑛𝑑

𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑏,𝑠𝑢𝑟𝑓 

+ � 𝐴𝑠𝑢𝑟𝑓(
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑖𝑛 𝑧𝑜𝑛𝑒 𝑖

𝐷𝑠𝑢𝑟𝑓 + 𝐼𝑠𝑢𝑟𝑓,𝑖) 

 (B-31)  

The power output for the zone i can be calculated through equation (A-
28). The negative result represents the heating load and the positive re-
sult represents the cooling load. 

𝐶𝑖
𝑑
𝑑𝑡
𝑇𝑖 = �̇�𝑖 − 𝑃𝑖 (B-32)  

In order to simplify the solution it has been assumed that the net heat 
gain and the power output for each zone are constant during any time 
step and has been calculated at average zone temperature in that specific 
time step. Therefore the equation (B-32) can be expressed by equation 
(B-33): 
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𝑃𝑖 −
1

𝑅𝑠𝑡𝑎𝑟,𝑖
∙ 𝑇𝑠𝑡𝑎𝑟,𝑖 − � ��̇�𝑐𝑝𝑙𝑔 ∙

𝑖=1

𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗

𝑗=1

𝐶𝑝 ∙ 𝑇𝑗

= −�
1

𝑅𝑠𝑡𝑎𝑟,𝑖

+ ��̇�𝑖𝑛𝑓,𝑖

+ ��̇�𝑣𝑒𝑛𝑡,𝑖 + � ��̇�𝑐𝑝𝑙𝑔
𝑖=1

𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗

𝑗=1

+ � �̇�𝑐𝑝𝑙𝑔

𝑘𝑛𝑜𝑤𝑛 𝑏𝑜𝑢𝑛𝑑

�𝐶𝑝�𝑇𝑠𝑒𝑡,𝑖 −
𝐶𝑖
∆𝑡 �

𝑇𝑠𝑒𝑡,𝑖 − 𝑇𝑡−∆𝑡�

+ �̇�𝑖𝑛𝑓,𝑖 ∙ 𝐶𝑝 ∙ 𝑇𝑎 + ��̇�𝑣𝑒𝑛𝑡,𝑖 ∙ 𝐶𝑝 ∙ 𝑇𝑣𝑒𝑛𝑡 + �̇�𝑔𝑐,𝑖

+ ��̇�𝑐𝑝𝑙𝑔 ∙ 𝐶𝑝 ∙ 𝑇𝑏 

 (B-33) 

The set of energy balances obtained by equations (B-31) and (B-32) can 
be solved in a matrix form given by equation (B-34). 

[𝑋][𝑇] = [𝑍] (B-34) 

[𝑋] = �X11 X12
X21 X22

� (B-35) 

[𝑇] = �𝑇1𝑇2
� = � 𝑇

𝑇𝑠𝑡𝑎𝑟
� (B-36) 

 [𝑍] = �𝑍1𝑍2
� (B-37) 

Where 
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X11,ii = � � �̇�𝑐𝑝𝑙𝑔 +
𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠 𝑖 𝑡𝑜 𝑗

�̇�𝑖𝑛𝑓,𝑖 + ��̇�𝑣𝑒𝑛𝑡,𝑖� ∙ 𝐶𝑝 +
2𝐶𝑖
∆𝑡

+
1

𝑅𝑠𝑡𝑎𝑟,𝑖
+ � �̇�𝑐𝑝𝑙𝑔 ∙

𝑘𝑛𝑜𝑤𝑛 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠

𝐶𝑝 

  (B-38) 

X11,ij = −∑ ∑ �̇�𝑐𝑝𝑙𝑔 ∙ 𝐶𝑝𝑖=1
𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗
𝑗=1         𝑓𝑜𝑟       𝑖 ≠ 𝑗

 (B-39) 

 X12,ii = −1
𝑅𝑠𝑡𝑎𝑟,𝑖

 (B-40) 

 X12,ij = 0               𝑓𝑜𝑟             𝑖 ≠ 𝑗 (B-41) 

X21,ii = −1
𝑅𝑠𝑡𝑎𝑟,𝑖

 (B-42) 

X12,ij = 0 (B-43) 

X22,ii = − � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐵𝑠𝑢𝑟𝑓

+ � 𝐴𝑠𝑢𝑟𝑓 ∙
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝑠

𝐶𝑠𝑢𝑟𝑓 +
1

𝑅𝑠𝑡𝑎𝑟,𝑖
 

 (B-44) 

 X22,ij = ∑ ∑ 𝐴𝑠𝑢𝑟𝑓 ∙ 𝐵𝑠𝑢𝑟𝑓𝑖=1
𝐴𝑑𝑗.𝑍𝑜𝑛𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑖 𝑡𝑜 𝑗
𝑗=1  (B-45) 

Z1,i = �̇�𝑖𝑛𝑓,𝑖 ∙ 𝐶𝑝 ∙ 𝑇𝑎 + ∑ �̇�𝑐𝑝𝑙𝑔 ∙ 𝐶𝑝 ∙ 𝑇𝑏 + ∑�̇�𝑣𝑒𝑛𝑡,𝑖 ∙ 𝐶𝑝 ∙ 𝑇𝑣𝑒𝑛𝑡 +
2𝐶𝑖∙𝑇𝑖,𝑡−∆𝑡

∆𝑡
+ �̇�𝑔𝑐,𝑖  (B-46)  

Z2,i = �∑ 𝐴𝑠𝑢𝑟𝑓 ∙ 𝐵𝑠𝑢𝑟𝑓� ∙ 𝑇𝑎 +∑ 𝐴𝑠𝑢𝑟𝑓 ∙ 𝐵𝑠𝑢𝑟𝑓 ∙ 𝑇𝑏,𝑠𝑢𝑟𝑓 +
∑ 𝐴𝑠𝑢𝑟𝑓(𝐷𝑠𝑢𝑟𝑓 + 𝐼𝑠𝑢𝑟𝑓,𝑖) − 𝑋11,𝑖𝑖 ∙ 𝑇𝑠𝑒𝑡  (B-47) 
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I I I .  T R N S Y S  I n p u t  D a t a  
 
Reference model (Based on the Ulriksdal Case Study) 
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*+++ PROJECT 
*+++ TITLE=ULRIKSDAL CASE STUDY 
*+++ DESCRIPTION=UNDEFINED 
*+++ CREATED=AMIR VADIEE 
*+++ ADDRESS=UNDEFINED 
*+++ CITY=STOCKHOLM 
*+++ SWITCH=UNDEFINED 
*----------------------------------------------------------------------------------------- 
*  P r o p e r t i e s 
*----------------------------------------------------------------------------------------- 
PROPERTIES 
 DENSITY=1.204 : CAPACITY=1.012 : HVAPOR=2454.0 : SIGMA=2.041e-
007 : RTEMP=293.15 
*--- alpha calculation ------------------- 
 KFLOORUP=7.2 : EFLOORUP=0.31 : KFLOORDOWN=3.888 : 
EFLOORDOWN=0.31 
 KCEILUP=7.2 : ECEILUP=0.31 : KCEILDOWN=3.888 : ECEIL-
DOWN=0.31 
 KVERTICAL=5.76 : EVERTICAL=0.3 
* 
*  L a y e r s 
*----------------------------------------------------------------------------------------- 
LAYER BRICK 
 CONDUCTIVITY=    3.2 : CAPACITY=      1 : DENSITY=   1800 
LAYER CONCRETE 
 CONDUCTIVITY=   7.56 : CAPACITY=    0.8 : DENSITY=   2400 
LAYER STONE 
 CONDUCTIVITY=      5 : CAPACITY=      1 : DENSITY=   2000 
LAYER PLASTER 
 CONDUCTIVITY=      5 : CAPACITY=      1 : DENSITY=   2000 
LAYER FLOOR 
 CONDUCTIVITY=  0.252 : CAPACITY=      1 : DENSITY=    800 
LAYER SILENCE 
 CONDUCTIVITY=   0.18 : CAPACITY=   1.44 : DENSITY=     80 
LAYER GYPSUM 
 CONDUCTIVITY=  0.756 : CAPACITY=      1 : DENSITY=   1200 
LAYER INSUL 
 CONDUCTIVITY=  0.144 : CAPACITY=    0.8 : DENSITY=     40 
*-------------------------------------------------------------------------------------------------- 
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*  I n p u t s 
*-------------------------------------------------------------------------------------------------- 
INPUTS CNAT_1 T_COOL_ON S_NORTH S_SOUTH S_EAST S_WEST 
BRIGHT INPUT001 ACH_PUBLIC ACH_ROOM1 SOLAR_RAD 
*-------------------------------------------------------------------------------------------------- 
*  S c h e d u l e s 
*-------------------------------------------------------------------------------------------------- 
SCHEDULE WORKDAY 
 HOURS =0.000 8.000 18.000 24.0 
 VALUES=0 1. 0 0  
SCHEDULE WEEKEND 
 HOURS =0.000 1.000 24.0 
 VALUES=0 0 0  
SCHEDULE DAYNIGHT 
 HOURS =0.000 6.000 18.000 24.0 
 VALUES=0 1. 0 0  
SCHEDULE SETOFF 
 DAYS=1 2 3 4 5 6 7 
 HOURLY=DAYNIGHT DAYNIGHT DAYNIGHT DAYNIGHT 
DAYNIGHT WEEKEND WEEKEND 
 
*------------------------------------------------------------------------------------------------- 
*  W a l l s 
*-------------------------------------------------------------------------------------------------- 
WALL GROUND 
 LAYERS   = FLOOR STONE SILENCE CONCRETE INSUL  
 THICKNESS= 0.005 0.06  0.04    0.24     0.08   
 ABS-FRONT= 0.8   : ABS-BACK= 0.4   
 HFRONT   = 11 : HBACK= 999 
WALL OUTWALL 
 LAYERS   = BRICK INSUL PLASTER  
 THICKNESS= 0.24  0.1   0.015    
 ABS-FRONT= 0.75  : ABS-BACK= 0.3   
 HFRONT   = 11 : HBACK= 64 
WALL INTWALL 
 LAYERS   = GYPSUM INSUL GYPSUM  
 THICKNESS= 0.012  0.05  0.012   
 ABS-FRONT= 0.6   : ABS-BACK= 0.6   
 HFRONT   = 11 : HBACK= 11 
WALL ROOF 
 LAYERS   = CONCRETE INSUL  
 THICKNESS= 0.24     0.16   
 ABS-FRONT= 0.35  : ABS-BACK= 0.75  
 HFRONT   = 11 : HBACK= 64 
*-------------------------------------------------------------------------------------------------- 
*  W i n d o w s 
*-------------------------------------------------------------------------------------------------- 
WINDOW WINDOW001 
 WINID=2001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=26 : SPACID=5 : 
WWID=0 : WHEIG=0 : FFRAME=0.15 : UFRAME=8.17 : ABSFRAME=0.6 
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: RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : REFLOSHADE=0.5 : 
CCISHADE=0.5 
WINDOW SINGLE 
 WINID=1001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=90 : SPACID=5 : 
WWID=0 : WHEIG=0 : FFRAME=0.15 : UFRAME=8.17 : ABSFRAME=0.6 
: RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : REFLOSHADE=0.1 : 
CCISHADE=0.5 
WINDOW DOUBLE 
 WINID=2001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=90 : SPACID=0 : 
WWID=0 : WHEIG=0 : FFRAME=0.2 : UFRAME=8.17 : ABSFRAME=0.6 : 
RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : REFLOSHADE=0.5 : 
CCISHADE=0.5 
WINDOW DOUBLE_2 
 WINID=2001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=26 : SPACID=1 : 
WWID=0.77 : WHEIG=1.08 : FFRAME=0.15 : UFRAME=8.17 : AB-
SFRAME=0.6 : RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : RE-
FLOSHADE=0.5 : ; 
 CCISHADE=0.5 
 
*-------------------------------------------------------------------------------------------------- 
 
*  D e f a u l t  G a i n s 
*-------------------------------------------------------------------------------------------------- 
GAIN LIGHT04_01 
 CONVECTIVE=INPUT 66096*SOLAR_RAD : RADIATIVE=INPUT 
99144*SOLAR_RAD : HUMIDITY=0 
GAIN PERS_ISO05 
 CONVECTIVE=216 : RADIATIVE=108 : HUMIDITY=0.139 
GAIN COMPUTER04 
 CONVECTIVE=690 : RADIATIVE=138 : HUMIDITY=0 
GAIN LIGHT04_02 
 CONVECTIVE=INPUT 34884*SOLAR_RAD : RADIATIVE=INPUT 
81396*SOLAR_RAD : HUMIDITY=0 
*-------------------------------------------------------------------------------------------------- 
*  I n f i l t r a t i o n 
*-------------------------------------------------------------------------------------------------- 
INFILTRATION SMARTACH 
 AIRCHANGE=INPUT 1*ACH_ROOM1 
INFILTRATION SMARTSCH2 
 AIRCHANGE=INPUT 1*ACH_PUBLIC+0.25 
*-------------------------------------------------------------------------------------------------- 
*  C o o l i n g 
*-------------------------------------------------------------------------------------------------- 
COOLING COOL1 
 ON=20 
 POWER=999999999 
 HUMIDITY=85 
*-------------------------------------------------------------------------------------------------- 
*  H e a t i n g 
*-------------------------------------------------------------------------------------------------- 
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HEATING HEAT1 
 ON=18 
 POWER=999999999 
 HUMIDITY=75 
 RRAD=0 
*-------------------------------------------------------------------------------------------------- 
*  Z o n e s 
*-------------------------------------------------------------------------------------------------- 
ZONES ROOM1 PUBLIC 
*-------------------------------------------------------------------------------------------------- 
*  O r i e n t a t i o n s 
*-------------------------------------------------------------------------------------------------- 
ORIENTATIONS NORTH SOUTH EAST WEST HORIZONT NORTH26 
SOUTH26 
* 
* 
*-------------------------------------------------------------------------------------------------- 
 
*  Z o n e  ROOM1  /  A i r n o d e  ROOM1 
*-------------------------------------------------------------------------------------------------- 
ZONE ROOM1 
AIRNODE ROOM1 
WALL  =OUTWALL    : SURF=  5 : AREA=      10.8 : EXTERNAL : 
ORI=EAST : FSKY=0.5 
WINDOW=SINGLE     : SURF=  6 : AREA=     114.7 : EXTERNAL : 
ORI=EAST : FSKY=0.5 
WALL  =OUTWALL    : SURF=  7 : AREA=      10.8 : EXTERNAL : 
ORI=WEST : FSKY=0.5 
WINDOW=SINGLE     : SURF=  8 : AREA=     114.7 : EXTERNAL : 
ORI=WEST : FSKY=0.5 
WALL  =GROUND     : SURF=  9 : AREA=      2700 : BOUNDARY=6 : 
GEOSURF=0.6 
WALL  =ROOF       : SURF= 10 : AREA=       0.1 : EXTERNAL : 
ORI=NORTH26 : FSKY=0.875 
WINDOW=WINDOW001  : SURF= 12 : AREA=      1502 : EXTERNAL : 
ORI=NORTH26 : FSKY=0.875 
WALL  =ROOF       : SURF= 11 : AREA=       0.1 : EXTERNAL : 
ORI=SOUTH26 : FSKY=0.875 
WINDOW=WINDOW001  : SURF= 13 : AREA=      1502 : EXTERNAL : 
ORI=SOUTH26 : FSKY=0.875 
WALL  =INTWALL    : SURF= 23 : AREA=       0.1 : ADJACENT=PUBLIC 
: FRONT 
WINDOW=SINGLE     : SURF= 25 : AREA=     187.4 : ADJA-
CENT=PUBLIC : FRONT : ORI=NORTH  
WALL  =OUTWALL    : SURF=  3 : AREA=      22.5 : EXTERNAL : 
ORI=SOUTH : FSKY=0.5 
WINDOW=SINGLE     : SURF=  4 : AREA=       165 : EXTERNAL : 
ORI=SOUTH : FSKY=0.5 
 REGIME 
 GAIN        = LIGHT04_01 : SCALE= 3 
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 INFILTRATION= SMARTACH 
 COOLING     = COOL1 
 HEATING     = HEAT1 
 CAPACITANCE = 10747.7 : VOLUME= 8956.44 : TINITIAL= 0       : 
PHINITIAL= 50      : WCAPR= 1 
*------------------------------------------------------------------------------------------------- 
*  Z o n e  PUBLIC  /  A i r n o d e  PUBLIC 
*------------------------------------------------------------------------------------------------- 
ZONE PUBLIC 
AIRNODE PUBLIC 
WALL  =OUTWALL    : SURF=  2 : AREA=      22.5 : EXTERNAL : 
ORI=NORTH : FSKY=0.5 
WINDOW=SINGLE     : SURF= 20 : AREA=       165 : EXTERNAL : 
ORI=NORTH : FSKY=0.5 
WALL  =OUTWALL    : SURF= 14 : AREA=      7.33 : EXTERNAL : 
ORI=EAST : FSKY=0.5 
WINDOW=SINGLE     : SURF= 21 : AREA=      63.2 : EXTERNAL : 
ORI=EAST : FSKY=0.5 
WALL  =OUTWALL    : SURF= 15 : AREA=      7.33 : EXTERNAL : 
ORI=WEST : FSKY=0.5 
WINDOW=SINGLE     : SURF= 22 : AREA=      63.2 : EXTERNAL : 
ORI=WEST : FSKY=0.5 
WALL  =GROUND     : SURF= 16 : AREA=      1900 : BOUNDARY=6 
WALL  =INTWALL    : SURF= 17 : AREA=       0.1 : ADJACENT=ROOM1 
: BACK 
WINDOW=SINGLE     : SURF= 24 : AREA=     187.4 : ADJA-
CENT=ROOM1 : BACK : ORI=NORTH  
WALL  =ROOF       : SURF= 18 : AREA=       0.1 : EXTERNAL : 
ORI=NORTH26 : FSKY=0.875 
WINDOW=WINDOW001  : SURF=  1 : AREA=    1056.9 : EXTERNAL : 
ORI=NORTH26 : FSKY=0.875 
WALL  =ROOF       : SURF= 19 : AREA=       0.1 : EXTERNAL : 
ORI=SOUTH26 : FSKY=0.875 
WINDOW=WINDOW001  : SURF= 26 : AREA=    1056.9 : EXTERNAL : 
ORI=SOUTH26 : FSKY=0.875 
 REGIME 
 GAIN        = PERS_ISO05 : SCALE= SCHEDULE 25*WORKDAY 
 GAIN        = COMPUTER04 : SCALE= SCHEDULE 2*WORKDAY 
 GAIN        = LIGHT04_02 : SCALE= 3 
 INFILTRATION= SMARTSCH2 
 COOLING     = COOL1 
 HEATING     = HEAT1 
 CAPACITANCE = 5700    : VOLUME= 4750    : TINITIAL= 0       : PHI-
NITIAL= 50      : WCAPR= 1 
*-------------------------------------------------------------------------------------------------- 
*  O u t p u t s 
*------------------------------------------------------------------------------------------------- 
OUTPUTS 
 TRANSFER : TIMEBASE=1.000 
 AIRNODES = ROOM1 PUBLIC  
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 NTYPES =   1 : TAIR - air temperature of zone 
        =   2 : QSENS - sensible energy demand of zone, heating(-), cooling(+) 
        =   9 : RELHUM - relativ humidity of zone air 
        =  10 : QLATD - latent energy demand of zone, humidification(-), dehu-
midifcation (+) 
        =  25 : TOP - operative zone temperature 
        =  29 : ABSHUM - absolute humidity of zone air 
        =  30 : QHEAT - sensible heating demand of zone (positive values) 
        = 901 : BAL_1 - solar balance for all zones 
        = 904 : BAL_4 - energy balance for all zones 
        = 907 : BAL_7 - moisture balance for all zones 
        =  31 : QCOOL - sensible cooling demand of zone (positive values) 
        =  74 : QTSPAS - total solar radiation passing (trans+abs) the glass surface 
of external windows of zone 
        =  77 : QTSKY - total radiation losses to sky of outside surfaces of a zone 
        =  32 : SQHEAT - sum of sensible heating demand for group of zones 
(positive values) 
        =  33 : SQCOOL - sum of sensible cooling demand for group of zones 
(positive values) 
        =  40 : SQLATD - sum of latent energy demand for group of zones 
        =  41 : SQLATG - sum of latent energy gains for group of zones (includ-
ing ventilation, infiltration, couplings and latent internal gains 
        =  43 : SGQRAD - sum of total internal radiative gains for group of zones 
        =  44 : SQABSI - sum of total radiation absorbed (and transmitted)  at all 
inside surfaces for group of zones (inc. solar gains, radiative heat, wallgains and 
int. rad. gains) 
        =  45 : SQABSO - sum of total radiation absorbed at all outside surfaces 
for group of zones (inc. solar gains, radiative heat, wallgains and int. rad. gains , 
but not longwave radiation ; 
 exchange with Tsky) 
        =  42 : SQSOLT - sum of solar radiation transmitted through windows for 
group of zones (but not kept 100 % in zone) 
 AIRNODES = ROOM1  
 NTYPES =   2 : QSENS - sensible energy demand of zone, heating(-), cool-
ing(+) 
        =  10 : QLATD - latent energy demand of zone, humidification(-), de-
humidifcation (+) 
*-------------------------------------------------------------------------------------------------- 
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          ***** WALL TRANSFERFUNCTION CALCULATIONS ***** 
 
 
              ---------- WALL TYPE GROUND              ---------- 
 
       THERMAL CONDUCTANCE, U=     1.18854 kJ/h m2K; U-Wert=     
0.31261 W/m2K 
              (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 
 
                        TRANSFERFUNCTION COEFFICIENTS 
   K            A              B              C              D 
 
   0       2.6447170E+00    8.5898080E-09    3.7847071E+01    1.0000000E+00 
   1      -6.8047755E+00    3.1027457E-05   -9.7246334E+01   -2.2425802E+00 
   2       6.3531063E+00    5.3526645E-04    8.3947310E+01    1.6661669E+00 
   3      -2.6171699E+00    1.0870203E-03   -2.6830456E+01   -4.4655980E-01 
   4       4.4729799E-01    4.1674820E-04    2.3476315E+00    2.4846004E-02 
   5      -2.1151116E-02    3.0658103E-05   -6.3358765E-02   -1.0521800E-04 
   6       7.6379887E-05    3.7176210E-07    2.3693625E-04    1.3033109E-07 
   7      -7.0867800E-08    6.8492706E-10   -2.5326591E-07 
  SUM      2.1011016E-03    2.1011016E-03    2.1011015E-03    1.7677935E-03 
 
 
              ---------- WALL TYPE OUTWALL             ---------- 
 
       THERMAL CONDUCTANCE, U=     1.29459 kJ/h m2K; U-Wert=     
0.33889 W/m2K 
              (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 
 
                        TRANSFERFUNCTION COEFFICIENTS 
   K            A              B              C              D 
   0       3.2347220E+01    4.6108121E-07    8.5637958E+01    1.0000000E+00 
   1      -8.3102454E+01    1.1258347E-03   -1.8830578E+02   -1.6130724E+00 
   2       7.3758362E+01    1.4114478E-02    1.3594825E+02    7.3893964E-01 
   3      -2.5947577E+01    2.0544029E-02   -3.6318492E+01   -9.6755787E-02 
   4       3.0776328E+00    5.4709359E-03    3.1552813E+00    2.9990448E-03 
   5      -9.2454445E-02    2.7728192E-04   -7.6256865E-02   -2.6802039E-05 
   6       8.0761724E-04    2.3631161E-06    5.7631074E-04    4.4792224E-08 
   7      -1.3414615E-06    2.5685684E-09   -7.8410638E-07 
  SUM      4.1535386E-02    4.1535386E-02    4.1535386E-02    3.2083778E-02 
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              ---------- WALL TYPE INTWALL             ---------- 
 
       THERMAL CONDUCTANCE, U=     2.63874 kJ/h m2K; U-Wert=     
0.65177 W/m2K 
              (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 
 
                        TRANSFERFUNCTION COEFFICIENTS 
   K            A              B              C              D 
   0       1.6963551E+01    1.7650409E+00    1.6963551E+01    1.0000000E+00 
   1      -1.4326518E+01    8.7277234E-01   -1.4326518E+01   -1.4935155E-04 
   2       1.3165008E-03    5.3614040E-04    1.3165008E-03 
  SUM      2.6383494E+00    2.6383494E+00    2.6383494E+00    9.9985065E-
01 
 
              ---------- WALL TYPE ROOF                ---------- 
 
       THERMAL CONDUCTANCE, U=     0.87500 kJ/h m2K; U-Wert=     
0.23341 W/m2K 
              (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 
 
                        TRANSFERFUNCTION COEFFICIENTS 
   K            A              B              C              D 
   0       2.4233343E+00    2.8079308E-05    1.3594604E+02    1.0000000E+00 
   1      -4.4181117E+00    8.7671265E-03   -2.5042021E+02   -1.2561647E+00 
   2       2.5511113E+00    4.5532668E-02    1.4018194E+02    3.9341033E-01 
   3      -4.9822619E-01    2.9467796E-02   -2.7406120E+01   -3.8512131E-02 
   4       2.9092244E-02    3.0166260E-03    1.8021841E+00    5.2836944E-04 
   5      -3.4667296E-04    4.1215275E-05   -1.6999669E-02   -6.0844082E-07 
   6       2.8357724E-07    5.3659996E-08    1.7836504E-05 
  SUM      8.6853564E-02    8.6853564E-02    8.6853567E-02    9.9261216E-02 
 
 
 
              *** THERMAL CONDUCTANCE OF USED WALL TYPES *** 
            (incl. alpha_i=7.7 W/m^2 K and alpha_o=25 W/m^2 K) 
 
             WALL GROUND                    U=     0.313 W/m2K 
             WALL OUTWALL                   U=     0.339 W/m2K 
             WALL INTWALL                   U=     0.652 W/m2K 
             WALL ROOF                      U=     0.233 W/m2K   
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Ideal closed greenhouse model integrated with BTES 

 

 

 

Collector length 20 m 
Collector width 3.5 m 
Absorber plate thickness 0.0005 m 
Thermal conductivity of the absorber 1386.0 kJ/hr.m.K 
Number of bending per module 10 - 
Tube diameter 0.01 m 
Bond width 0.01 m 
Bond thickness 0.001 m 
Bond thermal conductivity 1386. kJ/hr.m.K 
Resistance of substrate material 0.01 h.m2.K/kJ 
Resistance of back material 3.0 h.m2.K/kJ 
Fluid specific heat 3.85 kJ/kg.K 
Reflectance 0.15 Fraction 
Emissivity 0.9 Fraction 
1st order IAM  0.1 - 
PV cell reference temperature 20.0 C 
PV cell reference radiation 3600. kJ/hr.m^2 
PV efficiency at reference condition 0.12 Fraction 
Efficiency modifier - temperature -0.005 1/C 
Efficiency modifier - radiation 0.000025 h.m2/kJ 
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