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Abstract 

The closed greenhouse is an innovative concept in sustainable energy 
management. The closed greenhouse can be considered as the largest 
commercial solar building. In principle, it is designed to maximize the 
utilization of solar energy through seasonal storage. In fully closed 
greenhouse, there is not any ventilation window. Therefore, the excess 
sensible and latent heat must be removed, and can store using seasonal 
and/or daily thermal storage technology. The available stored excess heat 
can be utilized later in order to satisfy its own heating/cooling demand, 
also supply heating and cooling demand in neighbouring buildings. 

A model has been developed using TRNSYS to evaluate the perform-
ance of various design scenarios. The closed greenhouse is compared 
with a conventional greenhouse using a case study to guide the energy 
analysis. In the semi-closed greenhouse, a large part of the available 
excess heat will be stored through thermal energy storage system (TES). 
However, ventilation system can still be integrated with TES in order to 
use fresh air as a rapid response indoor climate control system. The part-
ly closed greenhouse consists of a fully closed section and a conventional 
section. The fully closed section will supply the heating and cooling de-
mand of the conventional section as well as its own demand. It con-
cluded that there is a large difference in heating demand between the 
ideal closed and conventional greenhouse configurations. Also it has 
concluded that the greenhouse glazing type and the controlled ventila-
tion ratio, in case of semi-closed and partly closed greenhouse, have the 
major effect on the thermal energy performance of the system.   

A preliminary thermo-economic study has been assessed in order to in-
vestigate the cost feasibility of various closed greenhouse configurations 
such as ideal closed; semi closed and partly closed conditions. Here, it 
was found that the design load has the main impact on the payback pe-
riod. In the case of the base load being chosen as the design load, the 
payback period for the ideal closed greenhouse might be reduced to half.   

Finally, different energy management scenario has been proposed in or-
der to find the alternatives for improving the energy performance of the 
closed greenhouses. However, no specific optimal solution has so far 
been defined. 
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Sammanfattning 

Den slutna växthus är ett innovativt koncept inom hållbar energihanter-
ing. Den slutna växthus kan betraktas som den största kommersiella sol 
byggnad. I princip är det designat för att maximera användningen av sol-
värme genom säsongslagring. I det helt slutna växthuset finns det inga 
ventilationsfönster. Därför måste överskottsvärme, inklusive latent vär-
me från fukt, bortföras och det kan sedan lagras för senare bruk med 
lämplig termisk lagringsteknik. De lagras överskottsvärme kan förutom 
att uppfylla sitt egen värme-/kylbehov, leverera värme (och kyla) till in-
tilliggande byggnader. 

En modell har utvecklats med TRNSYS för att analysera och jämföra 
prestanda för olika designalternativ. Den slutna växthus, semi slutna 
växthus, delvis slutna växthus och vanliga växthus(med öppna ventila-
tionsfönster) har studerats i denna modell. I semi slutna växthus, kom-
mer en stor del av den tillgängliga överskottsvärmen kan lagras genom 
termisk energilagring system (TES). Däremot kan ventilationssystemet 
fortfarande vara integrerat med TES för att använda frisk luft som ett 
snabbt svar inomhusklimat styrsystem. Det delvis slutna växthuset består 
av en helt sluten avdelning och en vanlig avdelning. Den helt sluten sek-
tionen kommer att uppfylla den konventionella delen, liksom sin egen 
värme-/kylbehov. Man har dragit slutsatsen att det finns en stor skillnad 
i värmebehov mellan det ideala slutna växthuset och vanliga växthuset. 
Det har ingått att växthusen glas typ och ventilation förhållandet har stor 
inverkan på systemets prestanda i semi slutna och delvis slutna växthu-
set. 

En preliminär termo-ekonomisk studie har utvärderats för att granska 
kostnadens genomförbarhet av olika slutna växthus konfigurationer. Här 
visade det sig att designlasten har störst inverkan på återbetalningstid. 
Den designlasten kan vara baslasten eller topplasten. Återbetalningstiden 
för sluten idealiska växthuset är reducerad till hälften när det gäller valet 
av baslast. 

Slutligen har olika energistyrning scenario som föreslagits för att hitta al-
ternativ för att förbättra energiprestanda i den slutna växthus. Dock har 
ingen specifik optimala lösningen hittills definierats. 
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Preface 

Humanity has learned to use natural resources to improve the life style, one im-
portant aim of engineering science. The engineers are the scientists who can 
make an applied connection between art, creativity and knowledge, and can then 
in many ways contribute to positive development for humankind. . However, I 
believe that the definition of “engineering” has been continuously improved 
over time, now further enhanced by introducing the sustainability aspects in en-
gineering. By the early 20th century with the industrial revolution in engineering, 
all natural sources were used to reach their goals without considering the nature 
itself. By the mid 20th century the world entered a new phase with an enormous 
acceleration in all sciences, and innovations in the technologies. However, this 
caused an incredible utilization of the fossil fuels during this period. By the late 
20th century the environmental problems had become global which was directly 
caused by dependency on non-renewable energy sources. Thereafter the sustain-
ability has been introduced in order to avoid the elevation of the environmental 
problems. Therefore the definition of the engineering has been changed from 
“using the natural sources in order to create a modern life” to “find the innovations in order to 
create new technologies which are environmental friendly”. Energy conservation and re-
ducing the emissions are the most important terms which have been raised in 
conjunction with discussing sustainability in the 21st century. In this context, one 
international statement was presented in the proceeding of the international sci-
entific congress on climate change: “The climate system is already moving beyond the 
patterns of natural variability within which our society and economy have developed and 
thrived. These parameters include global mean surface temperature, sea-level rise, ocean and ice 
sheet dynamics, ocean acidification, and extreme climatic events. There is a significant risk that 
many of the trends will accelerate, leading to an increasing risk of abrupt or irreversible climatic 
shifts1.” 

The present licentiate thesis is in line of the sustainable energy engineering 
pathway and a part of a PhD study in the area of “Thermal Energy Storage”. 
Here, an innovation concept is assessed in order to satisfy the sustainable crite-
ria. This thesis has been developed in the division of the Heat and Power Tech-
nology (HPT), Department of Energy Technology at KTH-School of Industrial 
Technology and Management. 

 

                                                      

1 University of Copenhagen (12, March, 2009).  ”Key Massage from the Congress.” Proc. 
International Scientific Congress on Climate Change. Retrieved on 2009-04-01 
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1 Introduction 

One of the challenging area for global ambitions due to the sustainability 
is the sustainable agriculture. Three important aspects are at the centre of 
attention: energy utilization, environmental impact and cost-efficiency. 
Growth in population necessitate higher production yield. The higher 
production demand leads to rise in the energy demand. The average EU-
27 energy usage in the agricultural industry is 161{kgOE/ha} and in the 
Nordic countries, such as Sweden, it is higher, at 256{kgOE/ha} 
(Eurostat, 2010). Although the energy use in the agricultural industry is 
small as compared to the total energy demand in many countries, it is 
fairly considerable in some countries like the Netherlands where it repre-
sents 8.1 % of total energy use which it has been described in further 
sections  (Eurostat, 2010).For increased yield and controlled growth in 
all climates, greenhouses are used and it is one of the most energy de-
manding sectors in the agricultural industry (Armstrong, 2003). In order 
to conserve energy, the idea of using a closed greenhouse was formed 
(Armstrong, 2003). Closed greenhouse is an innovative concept in sus-
tainable energy management. In principle, it is designed to maximize the 
utilization of solar energy through seasonal storage. In a fully closed 
greenhouse, there is not any ventilation window. Therefore, the excess 
sensible and latent heat must be removed, and can store using seasonal 
and/or daily thermal storage technology. The stored excess heat can then 
be utilized later in order to satisfy the thermal load of the greenhouse. 
From previous studies, it has been shown that a closed greenhouse can, 
in addition to satisfying its own heating/cooling demand, also supply 
heating and cooling demand in neighbouring buildings (Armstrong, 
2003; Heuvelink, et al., 2008; Hoes, et al., 2008; Lristinsson, 2006; 
Nederhoff, 2006; Opdam, et al., 2005). Some indications have been pre-
sented that a closed greenhouse can collect almost three times its own 
annual heating demand (Armstrong, 2003; Heuvelink, et al., 2008; Van't 
Ooster, et al., 2008). However, co-generation and other supplementary 
systems have been proposed to supply part of energy use at peak load. 
Here, a combination of seasonal and short-term thermal energy storage 
could be an alternative. Previous studies highlights that although higher 
amount of solar energy can be harvested in a fully closed greenhouse, in 
reality a semi-closed greenhouse concept is possibly more applicable 
(Armstrong, 2003; Innogrow, 2008; Hoes, et al., 2008). In the semi-
closed greenhouse, a large part of the available excess heat will be stored 



2 
 

through thermal energy storage system (TES). However, a ventilation 
system can still be integrated with TES in order to use fresh air as a rapid 
response indoor climate control system. The main conclusion from pre-
viously presented studies is that various aspects, such as energy effi-
ciency, environmental benefits and economics, should be considered in a 
system analysis. Due to these aspects, different energy management sce-
nario may be employed where one of these aspects is prioritized over the 
others. This leads to a variety of “optimal” strategies depending on 
which parameter is considered the most important. In order to optimize 
the system energy efficiency, an energy analysis is necessary but at the 
present time seldom presented in the literature. For example, based on 
different thermal energy management solutions from an optimization 
regiment as above, different possible thermal energy storage strategies 
should be employed. Therefore, an analytical or numerical model is 
needed in order to analyze and compare the obtained results from each 
configuration. In here, many models have been described and found to 
all have merits and disadvantages compared to each other. Almost all 
these models developed and just validated for a special condition and as-
sumed some fixed parameters such as ventilation, infiltration and glazing. 
In some of these models, even the evapotranspiration has been neglected 
in order to keep the highest level of simplicity. However their obtained 
results cannot be applicable in a general greenhouse energy analysis. In 
order to have a reliable result, the model should contain all effective pa-
rameters as much as possible, although it should keep general one. A sys-
tem model based on the closed greenhouse concept was developed using 
TRNSYS. It considers transient climatic conditions inside the green-
house, including humidity control, together with external ambient condi-
tions.  

1 . 1  O b j e c t i v e s  
The overall purpose of this project is to assess the potential for reducing 
the external energy need in greenhouses using the closed greenhouse 
concept. In order to achieve this concept an analysis on various types of 
thermal energy storage will be important as described in the following 
chapters. A decrease of the energy consumption in greenhouses will not 
only lead to decreasing carbon dioxide (CO2) emissions from the green-
house itself, but also to increased possibilities for competitiveness of the 
Swedish Greenhouses as compared to other producers in Europe and 
around the world. 
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The sub-goals of this project are: 

• To investigate the thermal aspects of greenhouses 
• To conduct a literature study on advantages of closed greenhouse 

concept in comparison with conventional, open ventilation green-
house design 

• To assess appropriate climate control strategies and technologies 
for the closed greenhouse concept (to be modelled further on) 

• To assess the potential, as well as challenges of different types of 
thermal energy storage systems 

• To describe and evaluate existing theoretical models for energy 
analysis of greenhouses. 

• To develop a system model based on the closed greenhouse con-
cept in Nordic climate, and investigate its behaviour in this climate. 

• To assess the economical and energy conservation benefits of the 
closed greenhouse concept under northern European condition. 

1 . 2  M e t h o d o l o g y  
This project started with a literature survey to investigate the energy con-
sumption aspect of commercial greenhouses. The databases used in this 
survey are Science direct, Scopus, ISHS publication, Commercial green-
house publication, textbooks relevant to agriculture and greenhouses and 
the KTH library. In order to search through the mentioned databases, 
the following keywords were used: 

• Commercial greenhouse, 
• Solar greenhouse, 
• Closed (Semi-closed) greenhouse, 
• Climate control in greenhouse, 
• Humidity control system, 
• Dehumidification,  
• Absorption dehumidifiers, 
• Thermal storage system, 
• Phase change material storage, 
• Seasonal thermal energy storage, 
• Short term thermal energy storage, 
• Energy cost analysis, 
• Greenhouse energy analysis, 
• Greenhouse management and 
• Greenhouse modelling. 
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This literature survey is divided into two main categories; papers and 
textbooks. These two kinds of references were studied in parallel in or-
der for them to supplement each other with regards to theoretical, ex-
perimental and numerical studies. Although the concept of closed green-
house is not new as it was introduced in 1997 by a European wide re-
search institute (Ecofys) (Armstrong, 2003), there is not many publica-
tion on this topic with regards to energy analysis and heat transfer as-
pects. The literature survey was thus supplemented by some study visits 
in order to find the main challenging points of commercial greenhouse 
management. In addition, a questionnaire was prepared and distributed 
to the following five Swedish commercial greenhouse sections: 

Ulriksdal, Svegro , Gustafslund, Rydelss Odling AB, Allskog 

 The achieved results from these surveys has been analysed in order to 
obtain an in-depth understanding of the system criteria.  

This knowledge assessment also provides an understanding for the ap-
propriate criteria for modelling the closed greenhouse system. Then, a 
model was developed using a commercial simulation tool TRNSYS 
16.01.0002. With this model, a system energy analysis has been con-
ducted. Several energy management scenarios have been investigated for 
Nordic climate; however the model can be used for other climatic condi-
tions as well. The results obtained enables a discussion on energy con-
servation in the greenhouse sector, as well the economical feasibility of 
closed greenhouse design. 
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2 Background 

In the horticultural2 industry the greenhouse is one of the most profit-
able sectors since it has a very high output which is 10 to 20 times higher 
than the outdoor horticulture (Nederhoff, et al., 2007). However, the 
high cultivation output requires a considerable capital investment cost, 
labour, fertilizers and energy input, primarily for heating and lighting. 
When considering the continuing increase in cost of energy, especially 
for fossil fuels, the external energy demand must be reduced in order to 
cut down the total annual operating cost. Therefore a good understand-
ing of the energy utilization in the commercial greenhouse sector is es-
sential. In this chapter the main criteria with regards to energy utilization 
in the commercial greenhouse will be discussed based on a state-of-the 
art assessment. Moreover, the closed greenhouse integrated with the 
TES will be introduced as one of the most recent innovative solution to 
improve the overall energy performance of the greenhouses. This chap-
ter has been presented mainly based on papers III. 

2 . 1  C o m m e r c i a l  G r e e n h o u s e  
A greenhouse is a structure which is covered by a transparent device 
such as glass in order to use solar energy while controlling the tempera-
ture, humidity and other parameters according to the requirements for 
cultivation or protection of the particular plants. The “greenhouse” is 
also named as the “glasshouse” and the “hothouse” in traditional agricul-
tural literatures (Critten, et al., 2002). The commercial greenhouses are 
used to grow plants in order to reach better quality and protect them 
against natural environmental effects such as wind or rain. Another 
benefit of using a greenhouse is giving the ability for out of season grow-
ing. The operation of greenhouses makes use of the greenhouse effect. 
Then, the short wavelengths of solar irradiation, the visible light, can 
pass through a transparent medium and is absorbed by the objects on 
the other side. The heated objects will re-radiate longer wavelengths, in-
frared radiation, that cannot pass through the transparent medium.  The 
temperature will increase due to the accumulation of heat in this process. 

                                                      

2 “Practice of growing plants in a relatively intensive manner” [Principle of horticulture, 
C.R.Adams, M.P.Early, Elsevier butterworth-Heinemana, ISBN: 0750660880] 
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Higher CO2 concentration level can stimulate this phenomena because 
carbon dioxide is fairly good infrared radiation absorbent, thus retaining 
the heat in the greenhouse. There are many criteria in order to design a 
greenhouse such as (Hare, et al., 1984) : 

• High amount of transmissivity 
• Heat retention in the cold period of time 
• Heat dissipation in the warm period of time 
• Having the optimal CO2 level of concentration in the greenhouse 
• High level of durability  
• Cost consciousness 

Some of these criteria can be improved by using special modification 
such as better type of glass with lower reflectivity, absorptivity and heat 
loss coefficient. Adequate ventilation system combined with CO2 en-
richment is also used (Opdam, o.a., 2005; Armstrong, 2003; Nederhoff, 
2006). However, with the most commonly used open ventilation system, 
the above criteria are never completely achieved (Nederhoff, 2006). In 
order to solve this problem another concept was proposed, the closed 
greenhouse, e.g. as presented in 1997 by a European wide research insti-
tute (Ecofys) (Armstrong, 2003).  A closed greenhouse does not make 
use of the ventilation windows, so it gets very hot in the sun and climate 
control becomes crucial. Thus an effective climate control system is 
needed to control temperature, humidity and the CO2 concentration 
(Nederhoff, 2008).   

In addition to the proper climate control, the energy efficiency has be-
come a critical topic in the recent decades for all countries. A horticul-
ture closed greenhouse can be used as a source of energy as well as for 
agricultural purpose. This should be considered e.g. in lieu of the state-
ment by Hare who declared that 70 percent of the greenhouses are 
heated with a supplementary unit of which 90 percent of them use oil as 
fuel (Hare, et al., 1984). However, for Nordic conditions the heating oil 
consumption has recently been reduced by 50% while the use of other 
fuels such biomass has increased with 18% between 2005 and 2008 
(SCB). Figure 1 presents some indications regarding to the different en-
ergy source for the greenhouse sector in the Sweden. From this graph it 
can be concluded that the overall policy in the horticultural industry ap-
pears to be the reduction of fossil fuels, replacing it with other renewable 
sources. 
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Figure 1 Portion of the utilized energy sources in the horticultural industry in Sweden 
(SCB, 2010) 

To obtain a better understanding for important energy system design cri-
teria in the Swedish greenhouse sector, a questionnaire has been used to 
survey the five largest commercial greenhouses in the Sweden. This 
questionnaire is shown in appendix I. The evaluation of this survey 
shows that the fuel oil still considered as the main energy source for 
heating the greenhouses in the Sweden. However the electricity con-
sumption is considerable due to the artificial lighting and also for in-
stalled heat pump systems. Conventional ventilation cooling and dehu-
midification is used, and none of the greenhouses utilize TES in order to 
alleviate peak load and shift the demand in time. Based on the survey, it 
can be concluded that the commercial greenhouse situation in the Swe-
den needs to improve with respect to sustainable energy solutions, and 
here the closed greenhouse concept could facilitate a transition. 

One question in the survey was regarding an evaluation of the many 
claimed improvements when using the closed greenhouse concept. Each 
greenhouse was asked to rank the following potential improvements us-
ing 1 to 4 where 1 means the most important issue and 4 is the least im-
portant one. The proposed criteria are:  

A. Water conservation improvement 
B. Production rate improvement 
C. Indoor climate control system improvement 
D. Energy conservation improvement 

The result has been evaluated using the rank graph method which is a 
method to analyse ranked observations in a questionnaire (Yasumasa, 
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1986). In the rank graph the results are presented in the semicircle with a 
radius of unity. The results appear in terms of the vectors inside the pro-
posed semicircle. The length of obtained vectors are representing of “the 
degree of concordance” while the direction angle is corresponding to the 
average ranking of the each items (Yasumasa, 1986). The degree of con-
cordance identifies how much the objects have agreed on the same rank-
ing for specific criteria. In this special case there are 4 items which are 
proposed as the main promising criteria in the closed greenhouse con-
cept. The results obtained, are presented in table 1 and figure 2. 

Table 1. The observed results from 5 different commercial greenhouses in the Sweden 

Criteria Ranking by 
Greenhouse 
No. 1 

Ranking by 
Greenhouse 
No. 2 

Ranking by 
Greenhouse 
No. 3 

Ranking by 
Greenhouse 
No. 4 

Ranking by 
Greenhouse 
No. 5 

A 3 4 4 3 4 

B 2 3 2 2 3 

C 4 2 3 4 2 

D 1 1 1 1 1 

 

 

 

Figure 2 The priority rank of the main criteria in the closed greenhouse concept    using the 
rank graph analysis  

It can be observed from Figure 2 that the energy conservation improve-
ment is the most highly ranked potential improvement that is possible 
through the closed greenhouse. The production yield improvement is the 
second prioritized criteria, possibly since it highly affects the economical 
benefit for the grower.  It should however be noted that the improve-
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ment in the production yield is probably a direct result of improvement 
criteria C – the indoor climate control system improvement. This is be-
cause a more accurate climate control system leads to the higher control 
on planting condition. In addition, the more accurate climate control sys-
tem can also result in a considerable improvement it the energy conser-
vation. Finally, the water conservation improvement, criteria A, might be 
more important in the hot arid country.    

2 . 1 . 1  C l i m a t e  c o n t r o l  i n  t h e  c o m m e r c i a l  
g r e e n h o u s e  e n v i r o n m e n t  

 

In order to have the optimum cultivation rate inside a greenhouse, cli-
mate control is essential (Bakker, et al., 1995). Temperature can be con-
trolled by the heating and cooling systems which will be discussed in the 
following sections.  Although the temperature is the main parameter in 
the climate controlling, the humidity control is the most challenging as-
pect. (HorticultureFactsheet, 1994) 

2 . 1 . 1 . 1  H e a t i n g  a n d  C o o l i n g  S y s t e m s  
 

The possibility of controlling all climate parameters in the greenhouses is 
the main interesting point in the cultivation industry. Temperature is one 
of the most effective parameter in the crops growing. The optimal tem-
perature is different for each type of crop and even for the different pe-
riods of growing of a specific plant. In order to have more rapid grow-
ing, the greenhouse climate should be kept close to the optimal tempera-
ture during all cropping periods (Both, 2008). There are many parame-
ters that should be considered in the design of a greenhouse heating sys-
tem. These parameters can be divided into three subjects (Teitel, et al., 
1999): 

• Obtaining a uniform temperature 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 

Baille et.al state five different heating systems that can be used by them-
selves or in a combination in the commercial greenhouse application 
(Baille, et al., 1988) : 

• Heat exchanger buried in the plant soil 
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• Heat exchanger laid on the ground 
• Hot water pipe network near the ground  
• Fan-coil heater units 
• Roof pipe heating system 

Bakker, on the other hand, categorized the heating systems which are 
applied in the greenhouses in two main types: pipe or air heating method 
(Bakker, et al., 1995). Many studies have investigated the different as-
pects of these two types of the heating systems. Teitel et.al showed that 
there is no considerable difference between pipe and air heating system 
with regarding to the energy usage. It can also be concluded from their 
result that with the pipe heating system, the crops which are closer to the 
pipe are considerably warmer than the surrounding air. With the air heat-
ing system the plants are generally cooler than the surrounding air and 
this increases the possibility of fungal diseases due to high possibility of 
condensation on the leaves (Teitel, et al., 1999). Van de Braak, et al,  
have compared pipe and air heating with each other and as a conclusion 
claim the main benefit of the air heating system is its quick response to 
the control action despite the fact that it has higher auxiliary electricity 
consumption in comparison with the pipe heating system (van de Braak, 
1988), (van de Braak, 1995). With increasing temperature, the humidity 
ratio at the crop level also increases (Teitel, et al., 1999). However, Hoare 
et.al have shown in their paper that the rate of increase in humidity ratio 
with the air heating system is larger than with the pipe heating system. In 
fact, in the pipe heating system humidity ratio will be almost steady in 
comparison to the air heating system (Hoare, et al., 1956).  

Commercial cooling systems in the greenhouses can be divided in three 
main groups: ventilation system, shading (reflecting) and evaporative 
cooling. The greenhouse can be ventilated by natural ventilation or by 
forced ventilation but the efficiency of ventilation cooling highly de-
pends on the outdoor climate (Bakker, et al., 1995). Shading or reflecting 
reduces the total heat gain by covering the glass and reduces the solar ir-
radiation through the greenhouse (Both, 2008). Although this method 
can be used very efficiently to decrease the greenhouse temperature 
based on Cohen’s results (Cohen, et al., 1999), it is also assumed to be an 
inefficient way since it blocks the solar radiation energy instead of cap-
turing it with solar thermal storage system. Shading cooling system can 
reduce the indoor temperature without using any auxiliary energy but at 
the same time considerable amount of energy which can be stored will 
be reflected. Shading with the solar collector plate can be an innovation 
to solve this problem (Horticulture_WageningenUR, 2009). Based on a 
survey on different cooling systems by Sethi et.al it can be concluded 
that there are many alternatives for the cooling systems but three of the 
most commonly used are (Sethi, et al., 2007): 
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• Fan-Pad system 
• Fog system 
• Roof evaporative cooling system 

The principle of the fan-pad system is based on passing air through wet 
pad by mechanically force while the fog system is making cool air by 
spraying small droplets of water in high pressure into the air. With this 
method the contact surface of water will be increased and then the heat 
transfer ratio can be increased as well (Press, 1984). The roof evaporat-
ing cooling system is similar to the fog system but the only difference is 
that in this system water will be sprinkling on a surface of the roof. With 
this system a thin film of water can be formed to increase the evapora-
tion rate (Sethi, et al., 2007). Arbel et.al, in a comparison between fog 
system and fan-pan system, point out that the fog system has better per-
formance in comparison with fan-pad system (Arbel, o.a., 1999).  

2 . 1 . 1 . 2  H u m i d i t y  c o n t r o l  s y s t e m  
 

Control of humidity in the greenhouse is needed for two reasons: 

• Avoiding fungal infection due to high humidity 
• Regulating the transpiration 

The high humidity in combination with lower irradiation level in the win-
ter is dangerous for the plant as well as the low humidity in combination 
with high irradiation level (Nederhoff, 1997). The high humidity will lead 
to scarce uptake and transport of nutrients and consequently a lower 
plant quality. Too low humidity and high radiation amplifies the transpi-
ration more than the plants can handle and the plant start wilting 
(Nederhoff, 1997). It is believed in general that the ideal relative humid-
ity for plants growth is around 80-85% which is equal to a vapour pres-
sure deficit around (VPD) 0.6-0.5 {kPa} at 25oC. A relative humidity be-
low 65% in combination with high temperature is called too low humid-
ity condition. For example, a VPD around 1.6 {kPa} at 25oC with 50% 
relative humidity. (Nederhoff, 1998).  

In the conventional greenhouse the easiest way of high humidity control 
is by ventilation. In colder days, this has to be combined with heating to 
sustain the required temperature. When the measured humidity reaches 
to a maximum allowable level which is predefined by the grower, the 
ventilation must be triggered to start or to open further and subsequently 
a drop in temperature is measured so that extra heat must be supplied. In 
a greenhouse with an active crop, heating does two things: 1) increasing 
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the air temperature and 2) stimulating the transpiration which is essential 
for crops but it should be controlled. Increasing temperature means that 
the air can contain more water vapour, therefore the RH drops. Im-
proved transpiration means that water is added to the greenhouse air, 
thus RH increases. The overall effect of heating on RH is therefore not 
easy to predict. If the temperature is increased very fast, RH will first go 
down, and later go up when the transpiration increases. With a slow 
heating system (e.g. a hot-water pipe heating system), the control of hu-
midity with the heating system alone can cause difficulties 
(HorticultureFactsheet, 1994). So under high humidity conditions in the 
winter, especially under low light conditions, a little ventilation combined 
with heating is recommended to reduce humidity and to keep the tran-
spiration going (Both, 2008).  

The evaporative cooling system uses humidification in order to reduce 
the temperature as well as adjust the humidity. The evaporative system 
principle consists of three steps (HorticultureFactsheet, 1994):  

1. Cooling the air and humidifying it 
2. Increase the air relative humidity 
3. Reduce VPD  

Therefore, the humidifying and cooling can be done at the same time in 
most cases. In this case it can be said that the humidification methods 
are the same as cooling method. However, Shelly et.al categorized the 
humidification methods in another way and state three different types of 
humidifiers (HorticultureFactsheet, 1994): 

• Cold water humidifiers 
• Hot water humidifiers 
• Nebulisers 

In the cold water humidifiers the air passes over the water in the water 
reservoir, or it pass through the water. In this case the temperature can 
be constant or change negligible. The cold water humidifier principle is 
simple and it is inexpensive. On the other hand, it has potential for 
growing microbiological colonization at the reservoir which can affect 
the air quality. Air leakage from the reservoir is unavoidable in this 
method (Ahlgren, et al., 1977).The hot water humidifiers principle is the 
same as cold water humidifiers except this fact that the hot water hu-
midifier are using a heater to make saturated vapour at the outlet (Red-
ding, et al., 1980). In the nebulisers instead of water vapour, supersatu-
rated mist of water droplet will be produce. In this method an aerosol of 
water droplet produced by a plate which is oscillating at ultrasonic fre-
quency (Shelly, et al., 1988).  
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Dehumidification can be categorized into the refrigerative and sorption 
systems (DBEDT, 2004). The refrigerative based systems remove mois-
ture in a condensation mechanism by using coils. In this method the air 
will be cooled to a saturation condition and sometimes later reheating is 
required after enough moisture has been removed. In contrast, the sorp-
tion systems directly extract moisture from the air in a vapor phase; this 
occurs without a cooling effect and produces air with a higher tempera-
ture due to heat of adsorption and this lead to lower humidity content 
(Harriman, et al., 1997). Harriman et al has compared four types of the 
cooling based dehumidification system. The following table 2 is a sum-
mary of Harriman’s results (DBEDT, 2004) 

Table 2. Comparison of methods for cooling dehumidification 

 Dual path system Heat pipe system 
Run around coil sys-
tem 

Conventional cooling 
system with reheat 

Applicability 
HVAC, commercial 
building in humid cli-
mate 

For large dehumidifica-
tion requirements 

For large dehumidifica-
tion requirements 

Dry climate where sensible 
cooling is dominated, low 
latent heat, low air venti-
lating rate, low cost waste 
heat available for reheat 
use 

Benefits 

Low operating cost, di-
rect control of ventilat-
ing quality, good humid-
ity control, small size 
system 

Higher performance in 
comparison to a system 
without heat pipes, energy 
saving, simplicity 

Reduces the cooling 
load on the main cooling 
coil, less extra energy 
consumption for reheat-
ing and re over cooling  

Simple configuration, 
good humidity control, 
low initial cost 

Weakness 
Additional maintenance 
is needed, not applica-
ble for heat storing 

No considerable weak-
ness 

Costly, require extra 
maintenance 

Need more reheat in lower 
load condition thus more 
annual energy consump-
tion 

Cost effec-
tiveness 

Cost and energy effi-
cient Cost effective 

More cost effectiveness 
in comparison with sys-
tem which needs reheat-
ing 

Significant operating cost  

Other issues 
Can be installed sepa-
rately or integrated with 
other HVAC system 

Heat pipes increase the 
effectiveness of the air 
conditioning 

NA 
Energy wasted in over-
cooling and reheating sup-
ply air 

 

In the conventional cooling systems the warm and humid air will be 
combined with the outside fresh air and then the mixed air will be de-
humidified by passing across the series of cooling coil. The cooled and 
dehumidified air needs to be reheating to the desirable temperature. In 
the run- around coil system there is a simple piping loop which is sur-
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rounding the main cooling coil instead of a straight processing path in 
the conventional cooling system. The heat pipe system consists of a re-
frigerant loop including two heat exchangers for vaporizing and con-
densing the refrigerant. The dual-path cooling system use a similar prin-
ciple in dehumidification as the conventional cooling system however in 
the dual-path cooling system the outside air and the returned air are 
processed separately using two coils. All these four dehumidification 
methods have been demonstrated into the figure 3. 

 

Figure 3 the schematically demonstration of cooling dehumidification methods 

In sorption systems, the air is dehumidified using desiccant substances 
instead of using coils. Hence, freezing the coils in the low temperature 
and humidity condition can be avoided (Hauer, et al., 1999). The desic-
cant substances can absorb 20% to 40% of their dry weight water from 
humid air (DBEDT, 2004). Desiccants are available as solids or liquids 
but the solid absorbers are more common. Examples of liquid desiccants 
are glycol or salt solutions (Hauer, et al., 1999). A combination of desic-
cant and cooling based dehumidification system will be the most effi-
cient method because the limitation of each method will be compensated 
by the other’s advantages (Pahwa, 1999).  

One important advantage of desiccant technology is that the humidity 
can be controlled independently from temperature. Some other advan-
tages of the desiccant dehumidification are (DBEDT, 2004): 
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• No wet coils cleaning required 
• Avoid microbial and fungal colonisation since duct system is dry 
• Low grade heat can be utilized, which enables integration in high 

efficiency combined heat and power systems 
• Reduced peak electricity demand  
• Operate in the low dew temperature that is below practical limits 

of cooling dehumidification systems 
• Small size and easy installation and maintenance 

2 . 2  C l o s e d  G r e e n h o u s e  
The concept of closed greenhouse is, as previously explained, of interest 
since it allows reducing energy and water consumption as well as pesti-
cides. In this chapter, the definition of a closed greenhouse, along with 
advantages and challenges as compared to a conventional greenhouse are 
described. Furthermore the theoretical modelling of the closed green-
house is presented based on alternatives found in the literature.  

2 . 2 . 1  D e f i n i t i o n   
 

Since the closed greenhouse concept is not widely implemented technol-
ogy there is not any specific definition for that in the scientific literatures. 
Helen Armstrong called closed greenhouse in Fruit&Veg Techology 
magazine as a kind of revolutionary in the greenhouse technology and 
she described it: 

“A greenhouse, which is completely closed, no windows to open to release excess hu-
midity or to cool the house when it is too warm” (Armstrong, 2003). 

The closed greenhouse can be independent of fossil fuel and the outside 
climate as long as it is integrated with TES. Thus, it should in principle 
be possible to utilize all over the world. The closed greenhouse can sup-
ply heat for itself and other buildings close to the greenhouse. However, 
in practice a biomass-based co-generation unit may be employed to meet 
part of the energy demand. Then, all of the energy is coming from solar 
and biomass (Nederhoff, 2006), making up a 100% renewable green-
house. The greenhouse can be considered as large solar collector. It can 
collect around 80% of solar irradiation which is around 2.5 GJ/m2-year 
for the north of Europe (Bakker, et al., 2006). Solar energy is trans-
formed into heat inside of the greenhouse. Since this amount of heat is 
more than required in hot and sunny days, it should be captured and 
stored in a TES system for re-use whenever the greenhouse needs to be 
heated. One TES concept proposed is underground thermal storage sys-
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tems (Innogrow, 2008). In one concept, aquifer storage is integrated with 
a heat pump system for heating and cooling a closed greenhouse as 
shown in Figure 4. 

  

 

TES

 

TES

 

Figure 4 Conceptual Features of a Closed Greenhouse: A) heating mode; B) cooling mode 
(omitting heat pump cycle) 

In the heating mode (Fig 3a) the greenhouse will be heated using a heat 
pump.  Warm water is then extracted from the TES and delivers low 
temperature heat to the heat pump while being cooled. Then, the cooled 
water is returned to the TES-system and thus charges the cold side of 
the TES. The heat pump provides the hot water. The hot water will 
charge a short-term buffer storage which is used to level the daily/hourly 
load in the closed greenhouse. In the cooling mode (Fig 3b), cold water 
from the cold TES is pumped directly into the greenhouse and removes 
heat via a heat exchanger system. Then, the warm water is brought to the 
warm TES charging it for the winter. There are other options for manag-
ing the heating/cooling demand such as boiler and cogeneration for the 
heating demand and solar curtain and thermosyphon for cooling de-
mand.  They are further described in paper III.  

Discussions on the closed greenhouse concept presented in the literature 
high-light the following advantages: (Armstrong, 2003) (Bakker, et al., 
1995) (DeWilt. J.D., 2007) (Nederhoff, 2006) (Speetjens, et al., 2005) 
(Lristinsson, 2006) 

• Improved energy efficiency  
• Improved water conservation 
• Improved production rate  
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• Improved system control 
• Improved sustainable management 
• Decreased use of pesticides  
• Reduced costs 
• Switch to renewable energy technology 

With the closed greenhouse, the fossil energy utilization can be reduced 
in the horticultural industry. Since the amount of absorbed solar energy 
is almost three times the need for a conventional greenhouse, the closed 
greenhouse can be known as a crop and heat producing system (Bakker, 
et al., 2006). There is a need, however, to assess this potentials including 
mapping promising paths towards realizing this potential. The open ven-
tilation system in the conventional greenhouses causes high heat loss due 
to high infiltration rate. Therefore it leads to a high fuel consumption to 
meet the heating demand, especially in the cold weather condition. 
About 90% of the energy used in a conventional open greenhouse is 
used for meeting the heating demand (Lristinsson, 2006). Thus, in the 
open greenhouse, the overall greenhouse performance is limited by the 
cost of energy for heating, and the seasonal climate conditions. To find a 
solution to the restriction on the delivery time due to the seasonal cli-
mate variations is always interesting for the growers (DeWilt. J.D., 2007). 
At the same time, there is a need for better pest control and CO2 en-
richment system, and thus it is called for new concepts such as the 
closed greenhouse idea presented above. The closed greenhouse concept 
can be a solution for all these problems in the open greenhouses, al-
though the closed greenhouse has many challenges itself like (Nederhoff, 
2008): 

• The complexity of the climate control 
• The choice of an efficient and proper TES system 
• The need for new structures and insulation material 
• The capital investment 
• The use of new methods unfamiliar to the growers 

The key point in the closed greenhouse concept is the temperature and 
humidity control. In the open greenhouse, ventilation is used at the “ex-
pense” of increased infiltration and heat loss. The idea of storing the ex-
cess heat which is formed inside the greenhouse and using it whenever it 
is required will solve this problem but it needs to have a more advanced 
ventilation system integrating an efficient TES system, dehumidifier and 
heat exchangers. The temperature is controlled by short term and long 
term storage systems in the closed greenhouse (Lristinsson, 2006). A 
buffer water tank can be used for heat storage for a daily basis to elimi-
nate the mismatch in the heating and cooling demands between day and 
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night and also to handle hourly fluctuations in demand. In order to sat-
isfy the annual heating demand a long-term storage system has to be 
employed. If available at a specific location, an aquifer can be utilized as 
an efficient seasonal storage. However, an aquifer may not be able to 
store heat at a high enough temperature so a heat pump is needed. With 
more heat collected annually than is needed for the greenhouse itself, the 
system can be utilized as secondary heating system for the surrounding 
buildings or even as pre-heater, re-heater unit in the CHP (Nederhoff, 
2006; DeWilt. J.D., 2007; Lristinsson, 2006). In the closed concept, it is 
expected that the cooling demand will be covered by the TES system 
(e.g. cold aquifer) and only during some hour per day supplementary 
cooling systems such as sprinkling water over the greenhouse roof, solar 
radiation shields and high pressure water mist installation should be 
needed (Fiwihex, 2009). It must be noted that using a supplementary 
cooling systems such as sprinkling water or using high pressure water 
mist will increase the humidity in the greenhouse which would then have 
to be combined with a proper dehumidifier.  

One major technical challenge of the closed greenhouse concept has 
been identified as the heat exchangers having to operate at as low tem-
perature differences as possible (Nederhoff, 2006). Fine-wire heat ex-
changer (Fiwihex) can be employed for this purpose so that it is possible 
to transfer large amount of heat with a small temperature difference. It 
gives the possibility for using an efficient heat pump since the heat pump 
has the main requirement for extracting external energy in the closed 
greenhouse (Fiwihex, 2009). The efficient climate control should be inte-
grated with a proper insulation structure to minimize heat loss from the 
greenhouse and make it possible to have an accurate indoor climate con-
trol system. The grower can also control the level of CO2 precisely in the 
closed greenhouse, while in the conventional greenhouses around 90% 
of supplementary CO2 is lost due to ventilation windows. In the closed 
concept, CO2 can be maintained around a level of 1200 ppm as compare 
to 800 ppm in a conventional greenhouse (Armstrong, 2003). 

The cost benefit should be considered in any project and this project is 
not an exception. With regards to the TES system, if any underground 
system will be applied then drilling cost has been stated as the main in-
vestment that should be taken in account in order to find a cost effective 
solution (Lristinsson, 2006). The new concept means using new technol-
ogy and it means that the persons who are related to this new technology 
should be trained in order to learn the new system and how it works. In 
the greenhouse area, although the base of growing will be same in the 
open and closed greenhouse, there are some main differences between 
them. These differences will be mostly in the climate control systems 
(Lristinsson, 2006). In fact, when considering the concept of “energy ef-
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ficient buildings”, the greenhouse has the potential of moving way be-
yond being a building with a heating and cooling demand, to actually be-
ing an energy source if properly integrated with nearby buildings. Due to 
the sustainable development ambitions, many countries such as Nether-
land require that a large portion of greenhouses are closed or semi closed 
by 2020 (Opdam, o.a., 2005).  

 

2 . 3  T E S  A p p l i c a t i o n  i n  t h e  c l o s e d  
g r e e n h o u s e  

 

With high level of greenhouse gas being emitted and the increase in the 
global fuel price, many countries have been convinced to change their 
energy policy toward using the renewable energy sources instead of the 
fossil fuel. One of the interesting renewable energy sources is solar en-
ergy which can be utilised directly or indirectly. But it should be noted 
that solar energy can be available only during day and even its perform-
ance is highly dependent on the weather condition. Thus the availability 
of solar energy is periodical and it can vary depending on environmental 
situation. This will be the same for more or less all other renewable en-
ergy sources. TES can be integrated with renewable energy systems to 
compensate their unavailability and improve the mismatch between en-
ergy supply and demand (Twidell, et al., 1998). It can also improve the 
reliability and total efficiency of energy systems and thus is a key compo-
nent for energy conservation (Sharma, et al., 2009). The TES system can 
be used in the commercial applications and they can be the key point of 
any sustainable thermal system in the buildings (Dincer, et al., 2001). 
TES is based on the change in internal energy of a storage material and 
uses one, or a combination of sensible, latent and chemical reaction heat 
(Dincer, et al., 2001). A number of studies have been carried out in the 
recent decades regarding to TES systems. This section presents a sum-
mary of TES technical issues from a literature survey, with the special 
application towards the greenhouse energy management (Paper III). 
Various commercial methods of TES system are summarized in the table 
3.  
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Table 3. An overview on thermal energy storage methods (Dincer, et al., 2001) 
(IBEC). 

Type of Thermal 
Energy Storage 

Working Principle Storage 
Phase 

Examples

Sensible Heat 

Temperature change 
of the medium with 
highest possible heat 
capacity 

Liquid 

 

Solid 

Gas 

Hot water, organic 
liquids, molten salt, 

liquid metals 

Metals, minerals, ce-
ramics 

Superheated Steam 

Latent Heat Essentially heat of 
fusion 

Liquid-
Solid 

 

 

Solid-
Solid 

Nitrides, chlorides, 
hydroxides, carbon-
ates, fluorides, eutec-
tics 

 

Hydroxides 

Thermochemical 

Absorption and De-
sorption due to shift 
of chemical equilib-
rium with change in 
pressure and tem-
perature 

Solid-
Gas 

 

Gas-Gas 

 

 

Liquid-
Gas 

CaO/H2O, MgO/ 
H2O, FeCl2/NH3 

 

CH4/ H2O 

 

 

LiBr/ H2O,NaOH/ 
H2O, H2SO4/ H2O 

 

As shown, one way to categorize TES is whether it is based on thermal 
or thermochemical processes. The thermal based TES system is divided 
into the two groups: sensible or latent heat utilisation.  

The sensible heat is associated with the change in temperature of a mate-
rial. The capacity of the sensible heat storage systems depends on the 
heat capacity and density of the storage medium, although the volume is 
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another important factor. The sensible heat storage is categorized based 
on its medium: liquid, solid and gas however the sensible heat storage in 
gas phase has been claimed to not be economically feasible. (Ercon 
Ataer, 2006). The commercial storage mediums in this type of storage 
system are water, oil, rock beds, bricks, sand or soil (Dincer, et al., 2001). 
The main types of the sensible heat storage systems are listed below 
(Dincer, o.a., 2001):  

• Water tanks 
• Aquifer thermal energy storage (ATES) 
• Borehole thermal energy storage (BTES) 
• Earth or Rock beds  
• Solar ponds 

The latent heat is the result of a phase change of a material and it can be 
used for energy storage. The latent heat materials are called phase change 
material (PCM). This changing phase can be solid-solid, solid-liquid and 
liquid-vapour. Although solid-vapour and liquid-vapour have a large la-
tent heat, the large changes in volume make these systems complicated 
as well as impractical. In comparison, solid-liquid transformations have 
considerably smaller change in volume (Ercon Ataer, 2006). The attrac-
tive point of the latent heat storage technique is its high energy density. 
The latent heat storage materials can store 5-14 times more heat per unit 
volume than sensible heat storage materials (Sharma, et al., 2009). PCM 
should satisfy specific thermodynamic, kinetic and chemical criteria. 
However the availability and the cost effectiveness of these materials 
have to be considered as well. These criteria are shown in figure 5. 
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Figure 5. Desirable properties of PCM in order to be used in the thermal storage sys-
tems (Sharma, et al., 2009) 

Since almost all pure PCMs have thermal conductivity below 0.7     
{Wm-1K-1}, a large heat exchange area is required for adequate charg-
ing/discharging rates. In order to improve this weakness there are two 
different approaches (Gil, et al., 2010): 

• Heat transfer improving by mass transfer (convection in the liquid 
phase) 

• Heat transfer improving by increase the thermal conductivity (add 
composite latent heat storage material) 

One example of thermochemical TES is using a chemical reaction where 
heat is evolved by bonding. It can be stored as the energy of a chemical 
compound and released in the same material by reversible chemical reac-
tions. In addition to the reversible chemical reaction, absorption, and ad-
sorption is also considered in this category. Although the energy storage 
density of the chemical reaction heat is considerably higher than the la-
tent transitions the technology is at an early level of development and it 
seems that it is not as cost efficient as the other available methods (Er-
con Ataer, 2006).  

• Proper phase change temperature
• High latent heat transition level
• Good heat transfer

Thermal properties

• Desirable phase equilibiruim
• High density
• Small volume change
• Low vapor pressure

Physical properties

• No suppercooling
• Sufficient crystallization rateKinetic properties

• Long term chemical stability
• Compatibility with materials of 
construction

• No toxicity
• No fire hazard

Chemical properties

• Abundant 
• Available
• Cost effective

Economics
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All TES systems work based on the same basic principle. Energy should 
be supplied to the storage device when there is excess, and discharged 
from the storage to a demand whenever it is needed. The main differ-
ence between various kinds of TES is about size of the storage and the 
storage method. TES can thus also be categorized into the two groups 
which are short term and long term storage systems. The choice of stor-
age medium is highly dependent on this issue of time of storage accord-
ing to each application (Ercon Ataer, 2006). The thermal storage process 
principally consists of three steps which are: charging, storage and dis-
charging (Dincer, et al., 2001). These steps can be occurring simultane-
ously or even divided into many other sub-steps (Dincer, et al., 2001). 
Based on charging and discharging time, the storage system will be util-
ised as short or long term storage. Although the short term storage is 
needed in order to cover the peak thermal load in the system, the closed 
greenhouse concept will be designed based on the seasonal storage.  One 
or a combination of storage systems can however be used depending on 
the application and storage period required, operation cost and other 
conditions. 

Two main criteria for choosing a proper medium for TES are cost and 
their thermal properties such as the volumetric thermal capacity and the 
specific heat (Dincer, et al., 2001). Moreover, there are many other tech-
nical criteria to design TES which are lists below (Dincer, et al., 2001): 

• Storage capacity  
• Life time 
• Size and cost 
• Efficiency 
• Safety 
• Installation and maintenance  
• Environmental standards 

The different TES design criteria has been assessed for sensible and la-
tent heat storage devices and their performance is summarized into the 
table 4. 
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Table 4. An overview on different thermal storage methods (Dincer, o.a., 2001) 
(IBEC) (Twidell, et al., 1998) (Sharma, et al., 2009). 

 

Criteria 

Sensible Heat Storage 

      Water                               Rock 

Latent Heat Thermal Stor-
age Material (PCM) 

(solid-liquid) 

a) Operating Temp. Range Limited (0-100) Large Large, depending on the 
choice of the material 

b) Specific Heat High Low Medium 

c) Thermal Conductivity properties 
Low, convection 

effects Low Very low, insulating improve 
the heat transfer rate 

d) Thermal Storage Capacity per unit 
mass and volume for small temp dif-
ferences 

Low Low High 

e) Stability to thermal cycling Good Good Insufficient data 

f) Availability Overall Almost overall Dependent on the choice of 
material 

g) Cost of storage media Inexpensive Inexpensive Expensive 

h) Required heat exchanger geometry Simple Simple Complex 

i) Temperature gradients during 
charging and discharging 

Large Large Small 

j) Thermal stratification 
Exists, works Posi-

tively 
Existent, works Posi-

tively 
Generally non-existent proper 

choice of material 

k) Simultaneous charging Possible Not possible Possible with appropriate dis-
charging 

l) Integration with solar heating/ 
cooling systems 

Direct integration 
with water systems 

Direct integration 
with air systems Indirect integration 

m) Cost of pump, fans, etc. Low High Low 

n) Corrosion with conventional materi-
als of construction 

Corrosion elimi-
nated through cor-
rosion inhibitors 

Non-corrosive Presently only limited informa-
tion available 

o) Life Long Long Short 

 

TES is the main part of the closed greenhouse concept. This should be 
designed based on the heating and cooling load in each specific case. 
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Therefore it the choice of TES is quite dependant on the greenhouse 
conditions and horticultural application since different kind of plant 
need different climate condition and heating and cooling demand vary in 
each case. Another parameter that should be considered is the availability 
of other thermal sources. Mostly aquifer TES is chosen as long term 
storage method beside a short term storage tank (Bekir, et al., 2007). 
However, PCM can be another alternative that it studied by Najar et al. 
(Najjar, et al., 2008). The main advantage of PCM in comparison with 
sensible thermal storage system is its potential to store higher amount of 
thermal energy with less temperature changes (Najjar, et al., 2008). This 
leads to improve the efficiency of the heat exchangers due to small tem-
perature difference. The different type of PCM can operated in a wide 
range of temperatures (Hawes, et al., 1993). Although a large amount of 
research has been done with regards to PCM technology, there is not 
enough studies about the PCM technology (Hawes, et al., 1993) (Sharma, 
et al., 2009) in managing the indoor climate control in the greenhouse 
environment. ATES basically consists of two separate water wells which 
are the hot well and the cold well. ATES is known as a reversible system 
since each well is utilised alternatively in charging and discharging regard-
ing to the heating and cooling load. When the greenhouse needs to be 
heated up, groundwater is pumped from the hot well into the system in 
order to transfer its heat content to the heating system in the green-
house. Then it will be injected into the cold well. When cooling is needed 
through the greenhouse, cold water is pumped from the cold well into 
the cooling system and becomes warms and then it is injected to the hot 
well. It should be noted that although there is some challenges regarding 
to maintenance and operation of ATES, this technology it quite applica-
ble in the commercial greenhouse (Courtois, et al., 2008). Some of the 
challenges regarding to ATES are listed below (Courtois, et al., 2008): 

• Temperature contrast in the whole storage system can affect on 
the efficiency of the system. 

• Risk of hydraulic overexploitation 
• Higher investment cost rather than non reversible system. 
• Charging the aquifer is more complex than discharging 
• Clogging 
• Environmental degradations caused by long term heating and 

cooling storage 

Based on one Turkish closed greenhouse project it can be seen that al-
though the capital investment for the closed greenhouse integrated with 
ATES is more than conventional greenhouse, 40% more vegetable can 
be harvested through ATES greenhouse. In additional, the closed green-
house integrated with ATES system use almost 70% less external energy 
than conventional greenhouse. Thus, apparently, ATES greenhouses are 
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quite competitive with conventional greenhouse (Bekir, et al., 2007). The 
results from another project which has been developed by the Nether-
land indicates that primary energy saving through the closed greenhouse 
fluctuate between 8-22% and 19-34% regarding to the heat and cold long 
term thermal storage respectively which can be ATES or BTES (Hoes, et 
al., 2008). 
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3  Energy Analysis and 
Greenhouse Modell ing 

A well defined, complete and general model is essential in order to assess 
the technical potential of a variety of design concepts as well as the cost-
effectiveness. The mass and energy balance are the basic conceptual 
equations needed to model the various processes in any thermal system. 
Combined, they state that the amount of changes in stored energy will be 
equal to the sum of the energy gained by internal energy sources (or lost 
via an internal heat sink) and the external energy gains, less the losses. In 
the greenhouse, internal gains are e.g. the artificial light, evapotranspira-
tion and heat generation by any electrical devices and human activities, 
whereas external gain is the solar irradiation. Example losses are due to 
conduction through the cover, long and short wave radiation, evapora-
tion, ventilation systems and infiltration  

This chapter is mainly based on the paper II and III. The energy analysis 
including all relevant heat transfer correlations has been assessed in this 
chapter. Moreover, the model descriptions and the obtained results are 
presented in this chapter based on the mentioned manuscripts.  

Several theoretical models for the mass and energy flow analysis of a 
greenhouse have been previously presented in the literature, and are 
evaluated here. The first model (Levit, et al., 1988) is a very general 
model for a conventional greenhouse. It considers a four homogenous 
layer control volume: cover, air, crop and the soil as shown in figure 6.  

 

Figure 6 A schematic of layers in the greenhouse energy model based on Levit & 
Gaspar (Levit, et al., 1988) 
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H.J. Levit et al. validated the result from the simulation based on this 
model by experimental results. There was good agreement between these 
two types of results, therefore this model can be used as a basic model to 
investigate the effects of other parameters on the greenhouse microcli-
mate performance (Levit, et al., 1988). The second model (AL-Jamal, 
1994) is based on a greenhouse without any type of infiltration which it 
may be use as a model for ideal closed greenhouse as well. It was origi-
nally derived to assess the effect of evaporative cooling in the green-
house, but the results weren’t validated with experimental results. How-
ever, the results were found comparable to other previous results which 
were developed by other researchers (AL-Jamal, 1994). The third model 
(Najjar, et al., 2008), considers a closed greenhouse integrated with a 
PCM storage system. Here, the results are said to be validated experi-
mentally by the authors. However, they did not consider the latent heat 
effects of water vapour and evapotranspiration so still it not a complete 
model. The fourth model (Hill, 2006), is a modified model based on 
Monteith model (Monteith, et al., 2001). This model, which is one of the 
most complete models, is given for the greenhouse energy and mass bal-
ance. This model is a simplified model of a tree seedling nursery must 
therefore be modified for typical commercial greenhouse. Although 
many assumptions need to be changed through this modification, the 
model itself is still valid. Finally, the fifth model (Sethi, et al., 2007) is 
based on special type of indoor climate system that is an aquifer coupled 
cavity flow heat exchanger system (ACCFHES).This model is simple, 
friendly user, and convenient to apply in any other type of greenhouse by 
employing different initial values and boundary conditions. ACCFHES is 
analysed by LMTD method. The results are verified for special case 
study but there is no general validation for this model. All these five 
models are validated based on experimental data based on their case 
study. Table 5 summarizes the characteristics of these models. 
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Based on analytical equations many former researchers have developed 
their own computerized models in order to analyse the energy consump-
tion in a greenhouse. Some of the most recently published greenhouse 
models are described here and will be compared (Takakura, et al., 1971) 
(Froehlich, et al., 1979) (Kindelan, 1980; Chandra, et al., 1981; Duncan, 
et al., 1981; Kimball, 1981; Avissar, et al., 1982; willits, et al., 1985; Fuller, 
et al., 1987; Nilsson, 1985; Heuvelink, et al., 2008; Hoes, et al., 2008). All 
of the assessed models contain assumptions and simplifications to vary-
ing extents. However, they can still be used to estimate desired variables 
such that indoor temperature and humidity. Although simplification is 
necessary to have an applicable model, there are parameters that must be 
considered to have a complete model. For a greenhouse model these are 
for example: plant carbon balance, photosynthesis, respiration, and the 
rate of growth (Hill, 2006). The rate of growth is the study and meas-
urement of the growth rate of plants.   

Table 6 presents a comparison between these models. GUESS, which is 
the acronym for Greenhouse Use of Energy and Seeding Simulator, is 
developed by Hill.J. (Hill, 2006). Here, the plant and its surrounding en-
vironment are considered as control volumes and heat and mass transfer 
will be assessed through the boundaries. In principle, this model can be 
employed regardless of type of the plant.  
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3 . 1  E n e r g y  a n a l y s i s  
As previously mentioned, a model for energy analysis should be as gen-
eral as possible to apply to the many situations that can occur in an open 
and closed greenhouse. However, it should at the same time be detailed 
enough to describe all required phenomena. The primary energy flows 
are shown in Figure 7. Here, it can be seen that heat is exchanged be-
tween the greenhouse and the surrounding. If the greenhouse is de-
scribed as a control volume, then heat transfer occur between the green-
house and the ambient air, the ground and the TES system. Here, the in-
cident solar radiation is considering as the major gain. The transpiration 
and radiation from plants can be regarded as internal source terms. Hill 
suggests using the lumped parameter method for modelling a green-
house. Then, spatial variations are assumed to be insignificant, and all in-
ternal fluxes through the control volume’s boundary are assumed to be 
uniformly distributed (Hill, 2006).  Here the lumped parameter method 
is judged to be valid since the spatial gradients are small and average val-
ues are the most important. 

 

Figure 7 Heat transfer model in the closed greenhouse concept. 

In existing models presented in the literature, analytical equations in 
combination with empirical correlations for the greenhouse are used. 
These equations indicate mass and energy balances for the greenhouse. 
The indoor humidity and temperature are parameters that are highly de-
pendent on these phenomena and they also affect the energy and mass 
balances. Photosynthesis and transpiration are furthermore dependent 
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on several parameters such as short and long wave radiation, surround-
ing temperature, wind velocity around leaves, type of crop etc. Thus, 
empirical correlations are convenient to represent these dependencies. In 
this section all the analytical and empirical equations and relationships 
which are applied in the energy analysis for the closed greenhouse will be 
explained. It includes the energy and mass balance and the relevant equa-
tions such as evapotranspiration through the plants which affects the 
humidity level in the greenhouse. The following detailed description is 
presenting the theoretical greenhouse energy analysis formulation and 
then it will compare with the empirical and analytical equation s which is 
applied in the TRNSYS mode.  

3 . 1 . 1  H e a t  t r a n s f e r  p r o c e s s e s  i n  t h e  c l o s e d  
g r e e n h o u s e  

 

Heat transfer in the greenhouse consists of radiation, conduction and 
convection. The heat sources in the greenhouse are solar short-wave ra-
diation, artificial lighting and heat of condensation. While the long-wave 
radiation, infiltration and heat of vaporization including evapotranspira-
tion and transpiration are considered as heat sinks in the greenhouse en-
ergy analysis.  

3 . 1 . 1 . 1  S o l a r  r a d i a t i o n  
The solar irradiance incident on the greenhouse passes through the 
greenhouse surface but it is partially absorbed or reflected by the cover 
and other construction materials. The portion of solar radiation which 
reaches the greenhouse interior (plant, crop, etc.) is converted to sensible 
or latent heat.  

Regarding to the shortwave radiation the heat gain which is absorbed by 
an object through the greenhouse,  {W} can be described by equa-
tion (3.1): 

· _ · _  (3.1) 

Here, the {m2} is the surface area of object which it has gained heat 
by solar radiation, _  {-} is the shortwave radiation absorption co-
efficient for the object and finally the _  {Wm-2} is the outdoor 
shortwave radiation. The shortwave radiation absorption coefficient can 
be obtained by equation (3.2) based on the Kirchhoff’s law (Incropera F, 
2007). 
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_ 1 _ _  (3.2) 

Here, the _  {-} is the shortwave radiation reflection coefficient for 
the object and _ {-} is the shortwave radiation transmission coeffi-
cient. These two parameters are readily available for many materials 
through the table of material’s properties. 

The longwave radiation is caused by the radiation heat transfer between 
two objects based on black body thermal emission phenomena. The heat 
transfer due to the longwave radiation flux,  {W}, is expressed in 
equation (3.3). Here, it has been assumed that the all internal surfaces of 
the greenhouse have the same temperature as the greenhouse indoor air, 

. 

 · 1 · · 4 4 · · · 4

4  
 (3.3) 

 {-} is the view factor between the greenhouse and the sky while the 
 {-} is the view factor between the crop and soil and the green-

house’s cover. The sky view factor  {-} 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 (Albright, 1990). More 
detailed calculations and empirical relationships in order to find more 
precise value for the view factors is described by Takakura (T.Takakura, 
1989). 

3 . 1 . 1 . 2  C o n d u c t i o n  
The heat transfer between the greenhouse and the outdoor is mainly 
based on the conduction and convection phenomena. Conduction oc-
curs between the greenhouse’s floor and the soil as well as the green-
house’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. 

_ _    

 (3.4) 



35 
 

The suggested correlation for the soil temperature has been presented in 
the appendix and the floor temperature can be considered the same as 
the indoor temperature. The correlations regarding to the inside and out-
side cover temperature has been descruved by de Zwart (De Zwart, 
1996). In the single glass greenhouse covering mode _  and 

_  can be assumed equal therefore there is not any conduction 
term for the greenhouse cover in this situation (Van Ooteghem, 2007).  
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 part can be considered in the total apparent 
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 (Van 
Ooteghem, 2007). Van Ooteghem has derived many correlations with 
regards to calculate the inside and outside temperature of the cover and 
estimation for the temperature of the soil in order to obtain more precise 
results. 

3 . 1 . 1 . 3  C o n v e c t i o n  
 

The major heat transfer phenomenon in the greenhouse is convection. 
Here, the natural and forced ventilation process as well as infiltration are 
convection phenomena. Convection heat transfer is expressed by New-
ton’s law of cooling, equation (3.5). 

· ·   (3.5) 

Here, the   {m2} is the surface area due to convective heat transfer,  
 {Wm-2K-1} is the convective heat transfer coefficient between A 

and B and eventually temperature of A and B are shown by  {K} and 
 {K}. 

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 
table (Van Ooteghem, 2007): 
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Table 7 Convective heat flux equations which has been considered in the greenhouse 
energy analysis 

 
Description Equation

The convective heat transfer between in-
door greenhouse air and the crop which it 
causes the evapotranspiration 

· ·  
(3.6) 

The convective heat transfer between in-
door greenhouse air and the soil · ·  (3.7) 

The convective heat transfer between in-
door greenhouse air and the inside of the 
cover 

· · _  
(3.8) 

The convective heat transfer correlation be-
tween outdoor air and the indoor side of the 
cover 

· · _
 

(3.9) 

The natural ventilation including the infiltra-
tion and ventilation through the windows · ·  (3.10) 

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

1 ·
·

·  

(3.11) 

The convective heat transfer from the cool-
ing net to the indoor greenhouse air · ·  (3.12) 

 

With regards to the heat transfer through natural ventilation, , 
the volume flow rate {m3s-1} is a combination of the infiltration flow 
rate due to leakage {m3s-1} and the ventilation flow rate through 
the windows, {m3s-1}. The ventilation flow rate through the win-
dows can be defined by many empirical correlations which are described 
by Van Ooteghem (Van Ooteghem, 2007). These correlations have been 
presented in the appendix III. In the convective heat transfer correlation 
due to the force ventilation, the {-} is the functional parameter for 
the ventilation system. {-} is 0 whenever the ventilation system is 
off and it becomes 1 while the ventilation system is running. In addition 
 {-} is the heat recovery factor for the ventilation system and it has 
stated that a reasonable assumption is 0.9 (ASHRAE, 2009). This means 
that 90% of the heat can be recovered by the heat recovery device inte-
grated with the ventilation system. All heat transfer coefficients due to 
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each of the mentioned convective heat fluxes are further discussed in the 
section 3.2.2. 

3 . 1 . 1 . 4  E n e r g y  b a l a n c e  o f  t h e  g r e e n h o u s e  
 

As previously mentioned, 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)
 (3.13) 

Here, the shortwave solar radiation and any heater can be considered as 
heat sources while the radiative heat loss, evapotranspiration, conduction 
and natural convection can be considered as heat losses. Then, the fol-
lowing energy balance should be considered.   

· ·

 · 1 · · 4 4 ·

· · 4 4 · ·

 

· ·  
· ·  
· ·

· ·  
 · ·
 1 · ·

·  
  

 (3.14) 
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3 . 1 . 2  M a s s  t r a n s f e r  p r o c e s s  r e l e v a n t  t o  t h e  
c l o s e d  g r e e n h o u s e  

 

The change in humidity and CO2 concentration are evaluated by means 
of a mass balance over the closed greenhouse. In the following section 
these mass transfer processes are described. 

3 . 1 . 2 . 1  H u m i d i t y  m a s s  b a l a n c e  
 

The water concentration in the greenhouse is calculated by equation 
(3.15) 

_ _ _ _ _   (3.15) 

In the above equation,  {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 ( _ {kg(H2O)s-1}); the 
mass flow rate of water vapor from the greenhouse indoor air through 
the greenhouse cover inside( _ _ {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 
( _ {kg(H2O)s-1}); and the mass flow rate of water vapor removed 
from the greenhouse indoor air by means of ventilation 
( _ {kg(H2O)s-1}). Each of these parameters are described in the 
following equations. 

_ max · · ,0    (3.16) 

Here, the {m2} is the crop surface area; {ms-1} is the mass transfer 
coefficient of the water vapor from the crop to the greenhouse indoor 
air, which is defined as equation (3.17).  

·   (3.17) 

Here,  {sm-1} is the boundary layer resistance to diffusion of the wa-
ter, equation (3.18) and the Lewis number  {-} is equal to 0.89 for wa-
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ter vapor in the air. The   {sm-1} which is the leaf cuticular resis-
tance is assumed to be equal to 2000 {sm-1} (Van Ooteghem, 2007). 

 (3.18) 

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

(air)} is the saturated concentration of water vapor at the greenhouse in-
door temperature. If the  no evapotranspiration occur 
and _  {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, _ _ {kg(H2O)s-

1}can be obtained by equation (3.19) 

_ _ max · · ,0   

 (3.19)   

Here,  is the saturation concentration at the temperature of the 
cover. Then, if  no evapotranspiration will occur and 

_ _  {kg(H2O)s-1} becomes 0. Correspondingly the {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 
(3.20).   

· ·
  (3.20) 

Here, the {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   {-} is again approximaterly equal to 0.89 (Van 
Ooteghem, 2007). 

The amount of water vapor condensed in the integrated cooling net (e.g. 
cooling pipes), _ {kg(H2O)s-1}, can be obtained by equation (3.21) 

_ max · · ,0   (3.21)   

As before,  represents the saturation concentration at the tem-
perature in the cooling net. If the  no evapotranspira-
tion will be occur and _  {kg(H2O)s-1} becomes 0. Correspond-
ingly the {ms1} is the mass transfer coefficient of the water vapor 
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from the greenhouse indoor air to the greenhouse cooling net, which is 
defined as equation (3.22).   

· ·
  (3.22) 

Here, the {Wm-2K-1} is convective heat transfer coefficient between 
the indoor greenhouse air and the indoor side of the greenhouse cover. 
The   {-} is equal to 0.89 for water vapor in the air.  is the cooling 
net surface area and it can be calculated using equation (Van Ooteghem, 
2007). 

The rate of water vapour losses through the ventilation system is calcu-
lated using equation (3.23). 

_ ·   (3.23) 

3 . 1 . 2 . 2  C O 2  m a s s  b a l a n c e  
 

The rate of change in CO2 concentration inside the greenhouse,  

 {kg (CO2) m-3 s-1} is calculated using equation (3.24) 

_ __ _   (3.24) 

Here _  {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, _  {kg (CO2) m-2(soil)s-1}. In addition, CO2 
is lost from the greenhouse through the ventilation,  

_ {kg(CO2)s-1}as estimated by equation (3.25).   

_ · _ _  (3.25) 

Where the  {m3s-1} is the ventilation volumetric flow rate while 
 {kgm-3} and {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 (Kindelan, 1980), 
(De Zwart, 1996), (Van Ooteghem, 2007). 
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3 . 1  T r a n s i e n t  M o d e l l i n g  o f  G r e e n h o u s e  
E n e r g y  S y s t e m  P e r f o r m a n c e  

To conduct an energy analysis of conventional, as well as closed green-
house configurations, the annual performance has here been evaluated 
using the commercial software TRNSYS (TRNSYS_16, 2011).  The 
transient TRNSYS model built originates from the approach described in 
section 3.1, however additional simplifying assumptions have been made 
as described in detail below. As the basis for this analysis, a case study, 
the Ulriksdal greenhouse, has been used. The Ulriksdal greenhouse is lo-
cated in Stockholm, Sweden and its production is mainly flowers.  

   

3 . 1 . 1  T h e  T R N S Y S  g r e e n h o u s e  m o d e l   
 

TRNSYS is built on the general structure of connecting various “ready 
to go” subroutines representing relevant energy system components 
(TRNSYS_16_Manual). These subroutines are called “types”. Since there 
is not any specific standard type for greenhouse in the TRNSYS library, 
the greenhouse is here modelled using a multi-zone building project. 
This can then be integrated with additional other user defined types in 
order to control more parameters of specific importance to the green-
house indoor climate. The case study Ulriksdal greenhouse consists of 
two sections: one public and one non-public. The customers walk 
through the public section and choose their desired plants but in the 
non-public section the under growth plant is kept and only the staffs has 
access. In this model the greenhouse is divided into the two integrated 
section which are called “Closed part” and “Public part”. The total area 
of the closed part is 2700 m2 while the area of the public part is 1800 m2. 
Therefore the total area of the greenhouse is 4600 m2. Since the main 
aim of this study is an assessment of the energy conservation capabilities 
of the closed greenhouse concept, four situations have been studied 
here. 

1. A conventional greenhouse (present situation)  

2. A fully closed greenhouse, without any ventilation. 
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3. A Semi-Closed greenhouse (some “controlled ventilation” is 
used to control the indoor climate, especially the humidity) 

4. Partly-Closed greenhouse (a portion of the greenhouse area is 
considered is fully closed without any ventilation and the rest of 
the area is considered a conventional part. Here, the idea is that 
the excess heat in closed part is enough to cover the heating 
demand in the overall greenhouse) 

The results obtained for the conventional greenhouse case has been 
compared with the measured data from the Ulriksdal greenhouse in or-
der to verify the model. The inflow of outside air has been calculated 
into two parts: “the Variable infiltration” and “the ventilation”. The vari-
able infiltration (Natural infiltration) comes through the building con-
struction, opened doors and is influenced by e.g. outdoor wind velocity 
and relevant psychometrical conditions. This parameter is calculated 
based on the ASHRAE recommendation regarding to the infiltration to 
the conditioned area. The ventilation inflow comes via an active ventila-
tion system (windows). In combination, the total number of air changes 
per hour for the public part has been assumed to be 0.5 {h-1} (Hill, 
2006).  

Based on the literature survey on greenhouse energy analysis it can be 
concluded that the evapotranspiration has a decisive role in the indoor 
climate control. Plants add moisture to the environment due to the 
evapotranspiration therefore they will act as water vapor source in the 
greenhouse. In the result section the effect of modeling moisture addi-
tion by plants on the greenhouse indoor climate situation has been stud-
ied and it has been compared with an “empty greenhouse model” ignor-
ing the effects of evapotranspiration. In the analytical energy and mass 
balance equations which are introduced in the former section the con-
vective heat transfer between the crop and the greenhouse air and the 
mass transfer of water vapor from the crop to the air are caused by respi-
ration. To account for this effect in the TRNSYS greenhouse model, it 
has been assumed that the plants at the greenhouse result in a constant 
water vapour addition to the enclosed area. This constant humidity addi-
tion is calculated based on the water balanced through the greenhouse 
(Mpusia, 2006). There are many parameters related to finding the 
amount of evapotranspiration through the greenhouse. Here, it has been 
assumed that evapotranspiration rate,  {kgday-1} is just related to the 
supplied water from the irrigation system,  {kgday-1} and also the wa-
ter which is drained out of the greenhouse,  {kgday-1}. The average 
amount of supplied water by the irrigation system is 1.5 {kg (H2O) m-

2(greenhouse)} (Zaragoza, 2008).   
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The suggested desirable indoor temperature in the greenhouse is about 
20oC (Both, 2008) while the desired relative humidity is about 80% 
(Nederhoff, 1997). The desirable condition is dependent on type of cul-
tivation, crops and environmental situation. However in the model set 
temperatures for controlling the heating mode and cooling mode are de-
fined 18oC and 20oC while set relative humidity for controlling the hu-
midification and dehumidification mode is defined by 75% and 85% re-
spectively. Additional assumptions made in order to decrease the level of 
model complexity are: 

• The weather data base is based on Meteonorm data that is pub-
lished by METEOTEST (TRN).  

• The effect of human respiration and heat gain from humans is 
ignored. 

• Artificial light schedule is based on day-night time and it is re-
gardless of solar irradiation. 

 

There are two more parameters which were not considered in this study: 
the rate of growth and CO2 concentration analysis. With the main aim of 
this study being an energy performance analysis of various greenhouse 
configurations, the effects of the CO2 balance and the rate of growth 
have been assumed negligible. However, the rate of growth is perhaps 
the most important issue for a grower but it doesn’t have a direct impact 
on the energy balance of the greenhouse. Thus, the effect of plants in-
side the greenhouse has only been considered through the evapotranspi-
ration as a heat sink. The rate of growth has of course a major effect on 
the total cost benefits of the greenhouse since it affects the e total 
amount of production and the thus the final production price. In addi-
tion, the CO2 concentration also has a direct impact on the plant grow-
ing. The CO2 mass balance and the rate of growth assessment are de-
pendent on each other and they have to be analysed simultaneously, if at 
all. In this study, the cost analysis has been carried out only in order to 
estimate the payback period time for the energy systems examined. Only 
the benefits of closed greenhouse strategies on the external fuel demand 
(such as oil or biomass demand) are used to pay off the extra investment. 
In reality, as previously mentioned, additional benefits of increased pro-
duction yield have been reported (Paskoy, 2009; 
Horticulture_WageningenUR, 2009) and such an increase will of course 
also help to pay off an investment. This issue will be further discussed in 
section 3.3.2.  

The transient model derived consists of many components (or types) like 
weather and climate components, building component, thermal utilities, 
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calculations, and indoor climate control systems. The layout of the whole 
model is presented in figure 8.  

Weather data

Calculations

Greenhouse
User Defined Module Indoor Climate Control System

Simulation Summary

 

 Figure 8 The layout of the greenhouse system model developed by TRNSYS 

Different parts of the model including the components and other de-
tailed issues are described in the following sections. 

Climate conditions, like solar radiation, wind velocity and other thermo-
physical properties of the outdoor are obtained from the “Weather data” 
component, TRNSYS TYPE 109. This component serves the main pur-
pose of reading weather data at regular time intervals from a data file, 
converting it to a desired system of units and processing the solar radia-
tion data to obtain tilted surface radiation and angle of incidence for an 
arbitrary number of surfaces. In this mode, Type 109 reads a weather 
data file in the standard TMY2 format. The TMY2 format is used by the 
National Solar Radiation Data Base (USA) but TMY2 files can be gener-
ated from many other programs, such as Meteonorm (Lechner, 2004). 
The indoor psychometric properties are obtained from a psychometric 
component (TYPE 33) using outdoor dry temperature and relative hu-
midity.   

The Ulriksdal greenhouse has been modelled by a multi-zone subroutine 
component, TYPE56. This component models the thermal behaviour of 
a building. The building description is read by this component from a set 
of external files generated based on user supplied information by running 
the pre-processor program called TRNBuild which is a supplementary 
tool to TRNSYS. This component generates its own set of monthly and 
hourly summary output files. The required input data for this subroutine 
is supplied by the weather data component. The user supplied informa-
tion to TRNBuild is e.g. geometric, physical and thermal properties of 
the building. In here, these properties are defined through the case study 
of Ulriksdal greenhouse. With regards to construction, the greenhouse 

Psychrometric

Internal Gains

Lighting

Schedule

Humidity
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has been modelled as two single gable greenhouse integrated zones, 
where each zone consists of four walls, one floor and two-sided sloped 
roof. The tilt angle of the roof is defined to be 26o which is adopted 
from the case study. The walls have been covered by 99% window, con-
sidered to be single and double glass in order to evaluate the impact of 
type of glazing on energy conservation in the greenhouse. The heat con-
duction value of the single and double glass has been assumed to be 
5.68{Wm-2K-1} and 1.4{Wm-2K-1}, respectively 
(TRNSYS_16_Manual). In the conventional case corresponding to the 
present situation of the Ulriksdal greenhouse, all windows are considered 
to be single glass.  A summary of the model is presented in table 8. The 
overall heat transfer coefficient for the windows are calculated by 
TRNSYS by considering a constant combined heat transfer coefficient 
(containing convective and radiative heat transfer coefficient) for inside, 
as well as the outside surfaces. The convective heat transfer coefficient 
has been calculated in each step however, the conduction heat transfer 
coefficient is constant based on the selected window’s type. Further de-
tailed information regarding heat transfer coefficients used in the model 
is presented in Appendix IV. 

Table 8 Summary of model details based on the case study Ulriksdal greenhouse 

Subject Public part Closed part 
Area 1900 {m2} 2700 {m2} 

Volume 4790 {m3} 8956{m3} 
Thermal Capacitance 5700 {kJK-1} 10748 {kJK-1} 

Glazing Single glass  Single glass 

Gains 

Max 25 person

2 *230W PC 

Max 100*440W 
Artificial lighting 

Max 145*440W 
Artificial lighting 

Setting Temperature 

Heating Mode 
18oC 18oC 

Setting Temperature 

Cooling Mode 
20oC 20oC 

Setting RH 

Humidification Mode 
75% 75% 

Setting RH 

Dehumidification Mode
85% 85% 
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The internal gains are defined through the TRNBuild as well. There are 
three predefined gains including persons, electrical devices and artificial 
lighting however the user defined gains can be defined as “Other gains”. 
There is another way to model the gains through the system which is us-
ing an external “equation” component. The person and computer de-
vices are considered as internal gains relevant to the “public part”.  The 
lighting gains are defined using user defined gains. The only internal gain 
which has been considered in the “closed part” is lighting as a user de-
fined gain. The heat a gain by persons and electronic devices has been 
scheduled daily which means that these gains vary during the day accord-
ing to the working time. Water vapour generated by evapotranspiration 
process by plants is considered as an internal gain as well. It has been de-
fined through an external subroutine as an “Equation” component. Ad-
ditional information with regards to the internal gains is described in the 
appendix IV.  

3 . 1 . 2  G o v e r n i n g  e q u a t i o n s  u s i n g  f o r  t h e  
G r e e n h o u s e  m o d e l  i n  t h e  T R N S Y S  

 

The sensible and latent heat has been calculated using the energy and 
moisture balance as the principle equations in the energy analysis. The 
following governing equations are used within the TYPE 56 in the 
TRNSYS model. The thermal zone in the TRNSYS model has been ana-
lyzed based on the lumped capacitance method with one air node per 
zone. In the TRNSYS model the sensible energy balance for an arbitrary 
building geometry has been proposed by following equation 
(TRNSYS_16_Manual). 

, , , ,  (3.26) 

Here, the ,  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 surface 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 surfaces. The 

,  can be find by the equation (3.27) (TRNSYS_16_Manual). 

,  , · ·  (3.27) 

Where the ,  will be calculated by equation (3.28) 

, · · | | ·  (3.28) 
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Here, K1, K2 and K3 are empirical constants which are given in the fol-
lowing table based on the ASHRAE handbook of fundamental 
(ASHRAE, 2009) 

Table 9 Summary of empirical constants for estimating building infiltration 

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  is the ventilation gains that is produced by a user defined ven-
tilation system and it is given by equation (3.29) (TRNSYS_16_Manual). 

 , · ·  (3.29) 

The final two terms in equation (3.26) represent the internal convective 
gains due to the appliances and the occupants, ,  and the convective 
gains due to the coupling of zones , . The ,  has been pre-
sented by equation (3.30) due to the TRNSYS (TRNSYS_16_Manual). 

 , · ·  (3.30) 

 In order to calculate the ,  the surface heat fluxes must be ana-
lysed. In figure 9 the surface heat fluxes and relevant temperatures have 
been presented. 
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Figure 9 The layout of the surface heat fluxes and temperatures within TRNSYS model 

The convective heat flux from the inside surfaces (e.g. greenhouse walls 
and roof) to the greenhouse air are calculated by employing the star net-
work which is introduced by Seem (Seem, 1987). The star temperature 
which is an artificial temperature node can be used to obtain the net ra-
diative and convective heat flux from the inside of surfaces 
(TRNSYS_16_Manual). The combined convective and radiative heat 
fluxes for the inside and outside surfaces are presented in the following 
equations.  

, , , , , ,   (3.31) 

With 

, , ,  (3.32) 

And  

, , , , , ,   (3.33) 

With 

, , , , ,   (3.34)  

, , , ,    (3.35) 

1   (3.36) 
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Then the energy balances at the inside and outside surfaces will be de-
fined by equation (3.37) and (3.38) 

, , , ,    (3.37) 

, , , ,  (3.38) 

The “other wall gain” in equation (3.37) represents for any user-defined 
energy flow to the inside surfaces. For the internal surfaces the  ,   
consists of short and long wave radiation from e.g. reflected sunlight, re-
flected from the floor and radiation from the plant. However, for the ex-
ternal surfaces the ,  has been assumed to consist of short wave 
radiation only. The transfer function relationship of Mitalas and Arse-
neault has been employed in order to solve the derived energy equation 
(TRNSYS_16_Manual). 

The moisture balance is essential for calculating the latent heat. The 
moisture balance has thus been defined by an effective capacitance hu-
midity model. In this model the overall effect of moisture generation or 
sorption by the soil, plants, human and etc is considered by an effective 
moisture capacitance, equation (3.39). 

, · ,   (3.39) 

Here, ,  is the effective moisture capacitance for zone i while the 
,   is the mass of air in zone i. The  is a multiplication factor which is 

generally in the range of 1 to 10 (TRNSYS_16_Manual). The moisture 
balance which has been used for any zone in this model is presented by 
equation (3.40). 

, ,

 

 (3.40) 

In order to simplify the solution the change in the zone humidity ratio 
has been assumed to occur instantaneously. Therefore the latent energy 
balance due to this model can be defined by equation (3.41). 
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, ,

,

Δ
 

 (3.41) 

With this, it is apparent that the energy and mass balances in the previ-
ously presented numerical and analytical models, including this derived 
TRNSYS model are similar. However, the method of solving and the 
empirical relations which have been derived for many parameters such as 
heat transfer coefficient might be different. Therefore, table 10 presents 
some of empirical equations which have been presented in the theoreti-
cal analysis and the TRNSYS model, respectively. 
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Table 10 A comparison between the main empirical equations which has been used in 
the analytical models of the literature, and the derived TRNSYS model  

Theoretical Model TRNSYS Model

15 2.5sin 1.72
· 10
·  . 140

, · exp ·
.

·

cos ·  .  . ·
.

  

Where day nr.min is the day of year corresponds to 
the minimum air temperature 

·   

,   √
·| | .  

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

1.28
. | |  

NA 

1.7| |
1.3| |

 

Horizontal Surface:

2.11 .  :  

1.87 .  :  

Vertical Surface:  1.5 .  

3 _  

2.8 1.2   4
2.5 .         4

10.08 10.8  
5.7 3.8           

8.3 · 10 3.5 ·
10 · ·    

, · · | | ·  
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3 . 1  R e s u l t s  ―  E n e r g y  A n a l y s i s  
The results obtained from the Energy Analysis using the described 
TRNSYS model are presented here. Since many system configurations 
have been considered in this project, different groups of results are ob-
tained. This section will compare the performance of different system 
configurations with regards to “Conventional greenhouse”, “Semi-
Closed greenhouse” and “Partly Closed greenhouse”. All greenhouse 
configurations will be compared with an “Ideal Closed greenhouse”. 
This comparison has been performed in order to distinguish how they 
perform as compared to the ideal performance. It should be noted that 
the ideal closed greenhouse is an ideal theoretical situation which is not 
realistic 

3 . 1 . 1  S y s t e m  e n e r g y  a n a l y s i s  
 

This section is related to the overall system energy analysis regardless of 
which e thermal energy storage system has been incorporated to make it 
possible to transfer heat in time. The main aim of this section is the in-
vestigation of the annual overall heating and cooling load. It is a com-
parative assessment between the conventional greenhouse and the vari-
ous closed greenhouse types. Based on the developed greenhouse model, 
the heating and cooling loads have been calculated to give hourly and 
monthly values. The cooling load is the same as the summer excess heat; 
therefore this amount of excess heat should be removed from the green-
house and stored in a seasonal TES for later use. The annual heating 
demand of the Ulriksdal is 320{kWhm-2} based on the present oil con-
sumption, while the annual heating demand for the developed modelled 
based on the Ulriksdal case is obtained closed to 300{kWhm-2}. It can be 
concluded that the model results are fairly closed to the real data.  As ob-
tained from the theoretical model, the heating and cooling demand of 
the conventional (Ulriksdal case) and ideal fully closed greenhouse are 
presented in figure 10. 
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One parameter to consider is the ratio between the annual cooling and 
heating demand which is here denoted Surplus Energy Ratio (SER). 
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. From the monthly analysis it can be concluded 
that the SER is about three in the ideal fully closed greenhouse. There is 
a good agreement between this result and what has been reported previ-
ously (Armstrong, 2003; Horticulture, 2009; Hoes, et al., 2008; 
Nederhoff, 2006; Innogrow, 2008; Opdam, o.a., 2005). However in the 
all previous reports, a detailed experimental or theoretical presentation is 
not included.  

SER has also been examined for the Semi-Closed greenhouse and the re-
sults are presented in figure 10. In the semi closed concept the some “in-
filtration” is allowed through controlled ventilation as previously de-
scribed. The variable infiltration is automatically considered in the model 
while the ventilation rate has to be defined manually. Figure 11 present 
the SER as a function of a constant controlled ventilation rate. The re-
sults have been compared with the ideal closed greenhouse and Ulriksdal 
greenhouse performance as an example of conventional greenhouse.  

Figure 10: Comparison between energy demand in the conventional and ideally closed greenhouse 
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 As shown, the SER is highly dependent on the amount of ventilation al-
lowed. In addition, Figure 11 also shows results for single glass, as well 
as double glass windows for the greenhouse construction. A double glass 
window can allow for SER higher than one, even with some controlled 
ventilation used to adjust greenhouse humidity.  

3 . 1 . 1 . 1  A  c o n v e n t i o n a l  g r e e n h o u s e  
In the conventional greenhouse or open ventilation greenhouse warm 
and humid air will be replaced by the cool and dry fresh air. In this sense 
there is a large amount of infiltration due to the ventilation windows. 
The ventilation windows in the conventional greenhouse are modelled 
based on their relevant infiltration. This obtained results from the devel-
oped model based on the Ulriksdal greenhouse in conventional condi-
tion has been compared with the real data recorded by the Ulriksdal 
greenhouse in order to verify the model. Figure 12 present the heating 
and cooling load in a conventional greenhouse based on a monthly en-
ergy analysis obtained by the developed model.  

Figure 11: Surplus energy ratio vs. controlled ventilation rate in a conventional, semi-closed and ideal closed greenhouse  
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Figure 12: Annual energy demand in the conventional greenhouse 

One of the main issues in the greenhouse energy analysis is about con-
sidering the plant. It has been understood from the former researches 
that the plants has a considerable role in the greenhouse climate control 
(Bakker, et al., 1995; Chandra, et al., 1981; Hare, et al., 1984; Nederhoff, 
1997). The plants reduce the maximum temperature in the greenhouse 
through the evapotranspiration. However the total heating and cooling 
demand will be constant, regardless of whether the plants are considered 
or not. Still, the portion of latent and sensible energy will be affected by 
the plants. In the present model the effect of evapotranspiration on the 
greenhouse has been examined. The temperature variation in the full and 
empty (with and without considering plant) is presented in figure 13. As 
shown, the temperature in the full greenhouse varies very little over the 
year, whereas it can vary up to 45oC in an empty greenhouse.  
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Figure 13 Comparison of temperature variation between an empty greenhouse and a full 
planted greenhouse  

3 . 1 . 1 . 2  S e m i  c l o s e d  g r e e n h o u s e  
The semi closed greenhouse is the closed greenhouse where some con-
trolled ventilation has been used (e.g. via the ventilation windows) in or-
der to control the indoor climate. Higher controlled ventilation can 
cover a larger portion of the cooling and dehumidification load, but on 
the other hand it leads to the loss of a considerable amount of excess 
heat which could otherwise be stored. Therefore the controlled ventila-
tion has to be optimized based for an appropriate energy management 
scenario. Although the controlled ventilation might be varied seasonally 
and even daily, a constant value has been assumed here. Figure 14 pre-
sents SER as a function of the rate of ventilation.    
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Figure 14: Surplus energy ratio vs. infiltration in semi-closed greenhouse 

From figure 14 it may be observed that the SER varied between 0.35 and 
1.25 for the single glass window and 1.25 to 2.5 for the double glass 
window.  In view of the fact that SER should be higher than 1 in order 
to satisfy the concept of a self-heated greenhouse, the acceptable con-
trolled ventilation in the semi closed greenhouse can be determined. In 
the single glass semi-closed greenhouse the controlled ventilation should 
be less than 0.2 {h-1} while in the double glass semi-closed greenhouse 
the controlled ventilation can be raised up to 1.5{h-1} and still achieve 
SER higher than 1.  The SER in the Double glazing closed greenhouse 
without considering the controlled ventilation is reduced from 3 which is 
expected for ideal closed greenhouse to 2.5 due to the natural infiltration.  
This natural infiltration was ignored in the ideal closed greenhouse 
model. It may be concluded the natural infiltration and controlled venti-
lation have a considerable impact on the SER parameter. 
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3 . 1 . 1 . 3  P a r t l y  a n d  f u l l y  c l o s e d  g r e e n h o u s e  
 

A fully closed greenhouse would, in principal, be the most energy effi-
cient configuration. However, when taking cost-effectiveness into ac-
count, the optimum configuration may be different. For example, a 
partly closed greenhouse could be more economical. In a partly closed 
greenhouse configuration, there are two separate sections: one fully 
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%) closed greenhouse. Figure 15 (single glass configu-
ration) and 16 (double glass configuration) present result comparisons 
while considering various controlled ventilation rates: 1.5 {h-1}, 1{h-1}, 
and 0.5{h-1}. 

 

 

Figure 15: Surplus energy ratio variation in the single glass partly closed greenhouse  
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Figure 16: Surplus energy ratio variation in the double glass partly closed greenhouse  

In order for the greenhouse to meet its own heating demand, the SER 
should be higher than 1. Then, enough excess heat is available to, via a 
TES system; satisfy the greenhouse heating demand at a later time. The 
acceptable closed area portion in the partly closed greenhouse can be de-
termined through the criteria that SER is at least 1. For the single glass, 
partly closed situation, where the controlled ventilation is 1.5 {h-1}, at 
least 60% has to be closed in order to achieve a SER higher than 1 for 
the complete greenhouse area (figure 15).  In case that the controlled 
ventilation in the conventional section will be reduced to 0.5 {h-1}, the 
minimum acceptable closed area portion becomes 20%. For a green-
house using double-glass there is actually not any minimum amount for 
closed area portion as SER is always greater than 1, for the controlled 
ventilation rates examined. 

3 . 1 . 2  T h e r m o e c o n o m i c  a n a l y s i s  f o r  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 Ulriksdal greenhouse presently uses oil to supply the heating de-
mand of the whole greenhouse. The energy content of this oil is around 
9950 {kWhm-3} (BioNorrAB, 2010). The oil consumption is around 200 
{m3year-1}, corresponding to 1.5 {GWh} annual heat input if a 75% 
boiler efficiency is considered. This is equivalent to an annual energy 
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demand of 320 {kWhm-2} while the heating demand in an ideally fully 
closed greenhouse obtained from the developed model is about 60 
{kWhm-2}. This significant difference in heating demand in closed and 
open greenhouse is presumably due to a considerable infiltration in the 
real greenhouse. Also, it is likely that cases exist where the ventilation 
window is opened at the same time as heat is provided to control the 
humidity. 
In order to store and utilize the excess thermal energy in the closed 
greenhouse, a TES system must be designed. This can be done based on 
peak and/or base load thermal energy demand which leads to the design 
of long term and short term storage systems, respectively. The peak load 
is the design load for an ideal closed greenhouse where only seasonal 
storage, like a borehole TES, has been considered to manage the thermal 
flows. However, the base load can be chosen as the design load in case 
that the seasonal storage will be integrated with short term daily TES. In 
this qualitative economical assessment, only the borehole thermal energy 
storage (BTES) system has been considered as the seasonal storage. A 
BTES primarily stores low temperature heat such that a heat pump 
would be needed to supply the heat at a suitable temperature. Further-
more, for efficient heat extraction/supply in the greenhouse, an invest-
ment in highly efficiently heat exchanger technology may be required. 
Here, the FiWihex technology (Fine Wire Heat Exchanger) (Fiwihex, 
2009) could be integrated with the BTES and heat pump. In the summer 
the greenhouse area is cooled as excess heat is extracted. This heat is 
stored in the storage system and in the winter the low grade heat from 
TES is transferred to the greenhouse area through FiWihex. Through-
out, the temperature difference in heat removal/supply is low (He, et al., 
2003). The total investment of the FiWihex in order to cover the design 
load of the ideal closed greenhouse is around 160{k€ha-1} (Fiwihex, 
2009). In addition, there are many other parameters which have to be 
considered in order to find the total investment cost for a closed green-
house system. However, in this study the TES system, heat pump and 
heat exchanger investment has been considered as the major investment 
cost. In order to do a cost analysis some additional parameters need to 
be assumed which are presented in table 11.  
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Table 11 Summary of parameters needed for the cost analysis based on Ulriksdal green-
house 

BTES System Reference 
Achievable borehole power 40 {wm-1} (He, et al., 

2003) 
Capital cost 27 {€m-1} (He, et al., 

2003) 
Borehole depth 200 {m} (Acuña, 

2008) 
Fuel  
Fuel oil consumption 200 {m3year-1} Measured 

(Study 
Case: Ul-
riksdal) 

Fuel oil cost 255 {K€ha-1} (Nilsson, 
2007) 

Average annual rise in fuel oil price 5.5 
{cent/litre} 

(Wanhatalo, 
2011) 

Electricity  
Electricity Price 0.1 {€/kWh} (Granryd, 

2006) 
Average annual rise in electricity price 0.7 

{cent/kWh} 
(SCB) 

Average annual electricity consumption 
for circulation pumps and ventilators 

25 {kwm-2} (He, et al., 
2003) 

Average annual electricity consumption 
for artificial light and other devices 

115 {kwm-2} (SCB, 2010) 

 
The cost performance has been studied over a range of closed green-
house conditions which includes ideal closed greenhouse, semi-closed 
greenhouse with various ventilation rates, and partly closed greenhouse 
with different fraction of the closed portion. This analysis has been stud-
ied also for two design conditions (peak load or based load) for each type 
of greenhouse. The summarized results for the ideal closed greenhouse 
are presented in table 12. 
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Table 12 Ideal closed greenhouse cost analysis results 

Designing 
Load  

Max Ther-
mal Load 
{MWh/ha} 

Total In-
vestment 
Cost for 
Heat Pump 
{k€/ha} 

EL 
_Heat 
Pump 
{k€/ha} 

Number of 
Boreholes {-}

Borehole 
Cost 
{k€/ha}

Total In-
vestment 
Cost 
{k€/ha} 

Total 
Annual 
Cost 
{k€/ha} 

PBP 
{Year} 

Base 
Load  381.0 340.0 7.6 64 345.6 846.0    33.0 3.5 

Peak 
Load  761.9 681.0 15.2 128 691.0 1532.0 40.0 5.9 

 
In the closed greenhouse concept the operating cost is shifted from the 
fossil fuel cost to the electrical cost due to heat pump and other electrical 
driven devices. The cost of electricity due to the heat pump is dependent 
on the COP of the heat pump. The present commercial heat pump 
which has been used in the greenhouse has the COP of 4 to 5. 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 dif-
ference between water and air. Here it has been assumed to have a heat 
pump with COP 5.  
The main aim of the cost analysis is to obtain an indication of economi-
cal feasibility of the closed greenhouse concept. Thus, the payback pe-
riod time (PBP) for the closed greenhouse concept in various designs has 
been examined. The payback time period has been defined by equation 
(3.41). 
PBP = ( Total investment cost ) / ( Total annual saving )  (3.41) 
In this payback calculation method the total annual saving is including 
the annual cost benefit of replacing oil by electricity to operate a heat 
pump, and other relevant electrical driven devices. The average annual 
rise in electricity and fuel oil price also has been considered into the cost 
analysis in order to have more realistic cost analysis. 
Next, a sensitivity analysis has been carried out to assess the different 
types of closed greenhouse designs (ideal closed, semi closed or partly 
closed conditions). The sensitivity analysis also includes a comparison of 
single versus double glazing. The overall result of this analysis is pre-
sented in figure 17.  
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Figure 17 Sensitivity analysis for PBP for various types of closed greenhouse configu-
rations. 
 
In this figure, each ring represents one year of payback time, moving 
from the centre of the figure at 0 PBP, to the outer edge at 7 PBP.  
Furthermore, The PBP of the ideal closed greenhouse has been com-
pared with the others type of closed greenhouses. It may be concluded 
from this sensitivity analysis that the design load (peak or base) has the 
main impact on the PBP such that designing for the base load only, will 
significantly reduce the PBP. The glazing type, the amount of constant 
infiltration ratio in the semi closed concept and the closed area portion 
of the partly closed greenhouse concept have minor impact on the PBP. 
There are four conditions which would apparently lead to higher PBP as 
compared to the ideal closed condition. 
These four conditions are listed below: 
 

• Semi closed greenhouse by 1.5 {h-1} as the constant infiltration 
with single glazing 

• Semi closed greenhouse by 1.0{h-1} as the constant infiltration 
with single glazing 

• Partly closed greenhouse by 10% closed portion area 
• Partly closed greenhouse by 20% closed portion area  

 
It should be mentioned that in this sensitivity analysis it had been as-
sumed that the partly closed greenhouse are using double glazing and 
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constant ventilation in their conventional greenhouse section at 1.5     
{h-1}.  
Moreover, it is of course essential to consider the profit from the pre-
sumed gain in production yield ratio and saved water consumption 
which is obtainable in a closed greenhouse. Short term TES can be used 
as an alternative in order to supply energy peak demand. One previous 
study has shown that a combination of short term and long term thermal 
storage can reduce the total capital investment for TES system by up to 
40% (He, et al., 2003). 
Finally, the sensitivity analysis also considered the impact of COP 
changes on the PBP. Here, it was found that the COP does not have a 
major impact on the PBP and the assuming constant COP value will be 
sufficient accurate in the cost analysis.   
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4 Sustainable Energy 
Management in the 
Closed Greenhouse 
Concept 

The commercial greenhouses normally have a very high output. In the 
modern and well controlled greenhouses the production yield can be 10 
to 20 time more than any outdoor horticultural section (Nederhoff, et al., 
2007). However, high input of direct and indirect energy is required in 
order to produce a large amount of high quality products. Fossil fuel and 
any kind of renewable energy sources which has been utilized for heating 
and cooling s of the greenhouse are considered as direct energy input. 
Direct energy inputs for the heating demand of the greenhouse have the 
highest impact on the greenhouse efficiency and the final market price of 
the product (Djevic, et al., 2004). Equipment and any type of materials 
such as fertilizer, chemical biocides, labour and transportation which 
have been used in the production are considered as the indirect input en-
ergy (Djevic, et al., 2004). In order to develop a sustainable energy path-
way using the closed greenhouse concept three different parameters 
should be studied first. These three parameters are: Greenhouse energy 
inputs, Greenhouse energy demand and Greenhouse energy perform-
ance. The greenhouse energy performance can be studied using various 
methods. Some of these methods have been assessed in this section. 
Thereafter, several energy management scenarios have been assessed in 
order to develop a sustainable energy pathway for closed greenhouse 
concept. 
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4 . 1    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  
 

There are two t parameters which have been considered in this work in 
order to evaluate the greenhouse energy performance. These two pa-
rameters are known as the Energy Ratio (ER) and the Energy productiv-
ity (EP). The definitions of these parameters are explained by equations 
(4.1) and (4.2) (Djevic, et al., 2004). 

  
       

    
 (4.1) 

  
   

    
  

 (4.2) 

Based on the official reports published by the Statistics Sweden adminis-
trative agency about the production of the horticultural products in Swe-
den 2010 it can be understood that the main product of the Swedish 
commercial greenhouse products are including cucumber, tomato, aro-
matic plants and lettuce. This study has been assessed the performance 
or Swedish commercial greenhouses by data analysis for cucumber and 
tomato (Statistik_centralbyrå, 2010). The energy equivalent values of 
some important Swedish crop as well as the production yield raio are 
given in table 13. 

Table 13 Main plant production energy equivalent value and production yield in the Swe-
dish commercial greenhouse (Statistik_centralbyrå, 2010) 

Plant production  Cucumber Tomato 

energy equivalent 
value (MJ/kg) 

 

0.5  0.88  

Production yield 
(kg/m2) 

43  37  

Total production 
energy equivalent 

value 
(MJ/ha) 

215000 325600 

   

The average total energy input in a typical commercial greenhouse in 
Sweden is around 490 kWhm-2 (SCB, 2010) while the total energy input 
which has been observed through the greenhouse questionnaire survey 
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(see section 3.1) is around 488 kWhm-2. The theoretical TRNSYS model 
yields the result of 467 kWhm-2 for the conventional commercial green-
house. There is thus a good agreement between all values.  

Next, the energy performance of the commercial greenhouse in the 
Swedish climate conditions has been compared with a closed greenhouse 
concept using ER and EP value. Here, it has been assumed that the 
closed greenhouse has a 40% increase in the production yield based on 
the former researcher’s results (Paskoy, 2009) .The results of this com-
parison are presented in table 14. 

Table 14 Main plant production energy equivalent value and production yield in the Swe-
dish commercial greenhouse 

 Commercial Green-
house (Statistic data) 

Commercial Green-
house (Model) 

Closed Greenhouse 
concept (Model) 

Total 
Energy 
Input 

(kWh/m2) 

490 470 237 

Total 
Energy 
Input 

(MJ/ha) 

17640000 16920000 8532000 

ER 
(-) 

Plant production 
Tomato Cucumber Tomato Cucumber Tomato Cucumber 

0.018 0.012 0.019 0.013 0.053 0.035 

EP 
(kg/MJ) 0.021 0.024 0.022 0.025 0.061 0.070 

 

As shown, the ER and EP in the closed greenhouse concept are 2.5 to 3 
times higher than in a conventional commercial greenhouse design. This 
is because of the 50% reduction in total energy inputs, as well as the in-
creased production yield. If the production yield increase is not consid-
ered, the ER and EP will be around 2 times higher in the closed green-
house design.  

So, a high reduction in external energy input is desired and indeed possi-
ble through the closed greenhouse concept. However there are many 
other solutions which can promise some reduction. Nederhoff has 
evaluated some of these solutions which are here summarized in table 
15(Nederhoff, et al., 2007). 
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Table 15 Alternative solutions to improve the energy performance in the conventional 
greenhouse (Nederhoff, et al., 2007) 

Lo
w

 im
pa

ct
 

(1
-2

%
) 

 
• Pass the heating pipes along the greenhouse wall with sufficient space 

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

 

M
ed

iu
m

 im
pa

ct
 (3

-5
%

) 

 
• Install the heating pipes close to the cultivated area as much as possible 
• Insulate the heating and cooling pipes and ducts 
• Using condenser and connect it to the heat buffer 
• Ensure regular system maintenance 
• Boiler insulation  
• Insulate the greenhouse wall especially the South wall 
• Using thermal screen along the greenhouse wall 
• Minimize the light blocking object above the crop 
• Calibrate and regulate the ventilation windows hydraulic system 
 

H
ig

h 
im

pa
ct

 
(M

or
e 

th
an

 5
%

) 

 
• Using hot water pipe system instead of hot air heating system 
• Using high efficient boiler or any other type of heating system 
• Using high accurate control climate system 
• Regular calibration of the temperature and humidity measurement 
• Regular maintenance of the weather station 
• Using Short term TES system  
• Using Long term TES system 
• Optimize charging and discharging  of the TES system 
• Optimizing the CO2 enrichment control system 
• Using thermal screen 
• Clean the greenhouse glass 
• Install the solar radiation measurement in order to have more accurate 

climate control  
•  Minimize the infiltration ratio caused by leaks and gaps in the green-

house building  
 

 

Then, these various alternatives for improving the energy performance 
of the commercial greenhouses lead to many possible energy manage-
ment scenarios. In the next section, such scenarios will be described, 
with special focus on the closed greenhouse concept. 

4 . 2  T h e  e n e r g y  m a n a g e m e n t  s c e n a r i o  
There are many scenarios for energy utilization in the closed greenhouse 
system; however no specific optimal solution has so far been defined. 
Many parameters such as greenhouse yields, energy price, feasibility of 
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available thermal energy storage system on the specific condition and 
climate condition are involved in optimization. Moreover, the optimum 
scenario should consider the lowest greenhouse gas emission, most effi-
cient energy system and most cost effective system. Since all these crite-
ria cannot be satisfied at the same time in most cases, optimization be-
comes a task of balancing between the criteria. Therefore different opti-
mum scenarios will be defined depending on the particular priority for 
each case. Figure 18 presents a chart of greenhouse energy management 
scenarios based on a procedure presented by Van’t Ooster et al (Van't 
Ooster, et al., 2008). This figure includes available technology which can 
be implemented in the closed greenhouse concept. Van’t Ooster sug-
gested an optimum scenario which it presented by the Blue line in Figure 
18. Also shown in the figure is an alternative scenario identified based on 
the state-of-the-art assessment presented in Paper III (red line). The 
main differences between the “blue line” scenario and the “red line” sce-
nario are with regards to the energy source, as well as the cooling and 
dehumidification strategies. Biomass has been recommended by the 
“blue line” scenario as the energy source for the system while in the “red 
line” scenario, the solar has been suggested as an alternative, possibly us-
ing biomass as a supplemental energy source. The solar collector can be 
utilized in the closed greenhouse concept in the form of solar shielding 
in order to maximize the solar energy utilization beside cooling strategy 
(Horticulture, 2009).  
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Blue line: Optimum scenario suggested by Van Ooster 
Red line: Suggested scenario based on literature survey on the 
operating commercial closed greenhouse in the Netherland 

Energy source Fossil Energy Biomass/Bio 
gas/BioFuel 

Wind energy Solar energy   

Heating Boiler Co-
generator 

Geothermal 
energy 

Heat pump   

Cooling Ventilation Evaporative 
cooling 

Pan and fan 
cooling 

Ground 
source heat 
exchange/heat 
pump 

Shielding 
with solar 
panel/PV 

Night 
sky ra-
diation 

De-
Humidification 

Ventilation Ventilation 
with heat re-
covery 

Active cooling  
using outside 
air 

Active cool-
ing using heat 
pump 

Hygroscopic 
material 

 

CO2 Supply Ventilation Exhaust 
gasses of 
boiler 

Industrial CO2 Combination 
of exhaust 
gasses and 
industrial 
CO2 

  

Solar radiation 
Transmission 

Single pane  Hortiplus 
glass  

Ducted plate Zigzag pane EVA foil ETFE 
foil 

Control of in-
coming solar 
radiation 

Inside screen Outside 
screen 

    

Energy storage ATES  UTES Phase change 
material 

Chemical 
thermal stor-
age 

  

Figure 18 Morphological chart of technology options for potential use in closed greenhouse 
concepts based on  (Van't Ooster, et al., 2008) 
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Solar energy can also be used in the form of photovoltaic cells in order 
to supply a part of electricity demand of the electric devices e.g. heat 
pump or artificial lighting system. 

The “blue line” scenario suggests to utilise only the ground source heat 
pump system in order to supply cooling in the closed greenhouse while 
the “red line” scenario proposed two other alternatives, beside the 
ground source heat pump system, for the cooling  method which are 
shielding with solar panel (or PV)  and the night sky radiation. Lower 
electrical demand and higher energy conservation is expected while ap-
plying cooling methods suggested through the “red line”. Dehumidifica-
tion in the “blue line” scenario has been covered only by applying the 
ventilation with recovery system which is the semi-closed concept. How-
ever the “red line” scenario also suggests to use the semi-closed concept 
while also integrating the system with active cooling using the already in-
stalled heat pump. Active cooling using the heat pump can be utilized for 
dehumidification in the fully closed, and partly closed concept while the 
ventilation method is just possible for the semi-closed concept. Both 
scenarios, the “blue line” and the “red line”, have to be analysed with re-
gards to the energy, economy and environmental performance using 
formal optimization tools. The cost effectiveness of the closed green-
house concept is highly dependent on the yield production rate rather 
than fuel consumption. For example 10% increase in production rate has 
much more effect on the cost benefits than 10% decrease in fuel con-
sumption (Heuvelink, et al., 2008). Therefore, the defined scenario 
should lead to increasing the yield production that is achievable by well-
designed indoor climate control system and desirable CO2 concentra-
tion. Further research is thus required to define an economic as well as 
energy efficient energy management configuration with regards to the 
closed greenhouse concept.  

As mentioned before, since the heat gain in a closed greenhouse is more 
than enough to satisfy its own heating demand, a combination of open 
and closed greenhouse sections (partly closed greenhouse) can be a more 
economic strategy. But the portion of closed greenhouse should be de-
signed precisely in order to cover exactly the energy demand of the rest 
conventional greenhouse section (De Zwart, 1996). However, if the in-
crease in yield is high this may make it advantageous to close as much as 
possible. Figure 19 describes opportunities in the thermal energy man-
agement systems which can be utilised in the closed greenhouse concept. 
In this graph different thermal energy sources has been nominated for 
the base and peak load, to handle the heating as well as the cooling de-
mand.  As shown, one can consider that the base heating load is met by 
the seasonally stored excess heat, while the peak heating demand may 
have to be supplied by a biomass boiler. Similarly, the base cooling load 
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should be provided by harvesting the excess heat in the greenhouse and 
storing it for later use. The peak cooling demand can be provided by 
ventilation, shading or using the existing heat pump. 

 

Figure 19 Thermal management for the closed greenhouse 

Clearly, there is a need for sizing and design to consider the fraction of 
the greenhouse to be closed, the auxiliary peak capacity along with the 
size of seasonal and daily TES, as well as the technical options for har-
vesting excess heat, storage, humidity control and auxiliary cool-
ing/heating. Aside from “energy savings”, the potential of saving water, 
decrease the use of pesticides with the opportunity of “organic label-
ling”, as well as the increased yield must be included in the overall analy-
sis of cost-effectiveness. Thus, it appears that the closed greenhouse pre-
sent a worthy multi-disciplinary design challenge which, if realized, have 
the opportunity to address many aspects of the concept of true sustain-
ability. 
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1 Discussion and 
Conclusions   

 The closed greenhouse concept has been introduced in 1997, possibly 
due to changing sustainable development policies in society. The main 
aim of this innovative idea was to increase the production yield rate and 
achieve energy conservation, along with improved indoor climate control 
for horticultural greenhouses. This thesis has assessed the energy analysis 
through this concept with regards to improving energy management in a 
greenhouse.  

The closed greenhouse as a concept is designed to minimize heat loss 
through the greenhouse in comparison with the conventional green-
houses. There are no open ventilation windows. Therefore the excess so-
lar energy which is passing through the greenhouse can be harvested and 
stored in the thermal energy storage system for utilisation at a later time. 
Through a state-of-the-art review of the concept, temperature and hu-
midity control have here been identified as the two main challenges in 
the closed greenhouse concept.  

Although many studies have been done with regards to heating and cool-
ing systems in the greenhouse, more is needed on the efficient heating 
and cooling system adapted to the closed greenhouse concept. The en-
ergy analysis shows that in principle, the heating demand in the ideal 
closed greenhouse is almost five times less than the heating demand in 
the conventional greenhouse. This has been indicated by introducing a 
parameter called “Surplus Energy Ratio” (SER). Here, SER has been cal-
culated for a semi-closed greenhouse and a partly-closed greenhouse and 
these values have been compared with an ideal fully-closed greenhouse 
and the conventional case study Ulriksdal greenhouse. It has been con-
cluded that in the ideal closed greenhouse the SER is around 3 while the 
SER in the conventional Ulriksdal greenhouse is about 0.35. In the semi-
closed greenhouse, which has some controlled infiltration via an active 
ventilation system to control the humidity, the SER varied between 0.35 
and 1.25 for the single-glass window and 1.25 to 2.5 for the double-glass 
window. Here, it depends on the controlled ventilation ratio e.g. SER is 
reduced by 49% with using a 0.1 {h-1} as the controlled ventilation ratio 
and it reduce by 72% for 1.5 {h-1}. 
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In view of the fact that the SER should be higher than 1 in order to sat-
isfy the concept of a closed greenhouse, the acceptable controlled venti-
lation ratio in the semi-closed greenhouse can be determined. For the 
single-glass, partly-closed situation, where the controlled ventilation is 
1.5 {h-1}, at least 60% has to be closed in order to achieve an SER higher 
than 1 for the complete greenhouse area.  In the case of the ventilation 
ratio in the conventional section being reduced to 0.5 {h-1}, the mini-
mum acceptable closed area portion becomes 20%. For a greenhouse us-
ing double glass, there is actually no minimum amount for the closed 
area portion as SER is always greater than 1 for the controlled ventilation 
rates examined. 

From a cost-effectiveness point of view, the closed greenhouse may not 
be effective if only energy price is considered in the analysis since the 
current price of fossil fuel such as natural gas is relatively low. In this 
study, the cost effectiveness of a closed greenhouse design has been 
evaluated using a simple payback period analysis. The estimated extra in-
vestment needed in the closed greenhouse, as compared to conventional 
design, has been compared to the annual savings in fuel cost. The results 
show that the major investment for the closed greenhouse concept could 
be paid within six years due to the savings in auxiliary fossil fuel consid-
ering a combination of seasonal and short-term TES systems. However, 
the payback time may be reduced to three years if the base load is chosen 
as the design load instead of the peak load. In this case, a short-term 
TES needs to be added in order to cover the hourly peak loads.  Al-
though the semi-closed and partly-closed concepts have a minor effect 
on the PBP, they may cause a considerable impact on construction and 
material cost. Since the main aim of this study is the energy assessment 
in the closed greenhouse concept and its relevant energy cost, the mate-
rial and construction have not been considered in this study.  Therefore, 
one can conclude that although this economical assessment only consid-
ered the major differences in investment, it still shows that the potential 
for cost effectiveness is good. 

For example, when other parameters such as total energy efficiency, pro-
duction yields rate and CO2 control has been added to the economical 
analysis as well, the potential for cost effectiveness is even larger. Thus, it 
is here concluded that closed greenhouse design can be the next genera-
tion of the horticultural greenhouse needed for a sustainable future.  



75 
 

2 Way Forward 

This licentiate thesis has been performed as part of an ongoing research 
program at KTH, Heat and Power Technology division, looking at en-
ergy analysis of closed greenhouse concept integrated with TES technol-
ogy in line with sustainable development. This thesis doesn’t represent 
the conclusion of the work, but only one step along the road. 

The main attention in this study has so far been purely from energy 
management point of view. The cost analysis and system optimization 
based on different suggested energy scenarios is a logical next step.  In 
order to achieve the system optimization, a heat transfer study needs to 
be done to define thermal components in the closed greenhouse concept 
e.g.: heat exchanger, heat pump, ventilation systems and also construc-
tive material. Their performance needs to be studied through detailed 
modelling.  

Thus, some tasks for future work are: 

- Thermal and optical assessment due to the greenhouse glazing type, the 
slope of greenhouse cover and its type. 

- Integration of PCM technology in the closed greenhouse concept. 

- A theoretical feasibility assessment for application of Thermosyphon in 
the closed greenhouse environment. 

- A theoretical feasibility assessment due to closed greenhouse concept 
integration with the low temperature fuel cell technology. 

I would like to end with a phrase which has been presented at the first 
IEA, ECES Annex 22 expert meeting in Halifax, Canada, 2010: 

“If you can manage to control the climate inside a closed greenhouse you can definitely 
manage any other type of buildings!” 

In other words, closed greenhouse energy management lead the way to 
active energy management in the built environment.  
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Appendix:  

I .  C o m m e r c i a l  G r e e n h o u s e  
Q u e s t i o n n a i r e   

 
 
General Aspect 
 
What is size of the greenhouse? 
 
What is the purpose of this greenhouse? 
 
How many months per year the greenhouse is active? 
 
Which kind of fuel do you use in this greenhouse? 
Biomass   Oil   Natural gas  
 other........ 
How much do you consume fuel per year? 
 
What is the electricity consumption in this greenhouse per year? 
 
Which expense is dominated in your annually expenses? 
Labour   Shipping   Electricity
 Fuel   
Could you please give an estimation amount of the dominated expense 
in percentage? (e.g.  Fuel 30 %): ....... % 
 
Climate Control 
 HEATING 
Which type of heating system is chosen? 
 
Why did you choose this type of heating system? 
 
What is the weakness in this type of heating system in your mind? 
 
Did you have any other type of heating system before this one? YES         
NO  
If your answer is yes, why did you change it? 
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COOLING 
Which type of cooling system is chosen? 
 
Why did you choose this type of cooling system? 
 
What is the weakness in this type of cooling system in your mind? 
 
Did you have any other type of cooling system before this one? YES         
NO  
If your answer is yes, why did you change it? 
 
Other issues: 
 
 HUMIDITY CONTROL    
Which type of humidification-dehumidification system is chosen? 
 
Why did you choose this type of humidification system? 
 
What is the strength/weakness in this type of humidification system in 
your mind? 
    
Did you have any other type of humidification system before this one?   
YES         NO  
If your answer is yes, why did you change it? 
 
Other issues: 
 
Summary/Conclusion 
What do you want to be improved in this greenhouse? 
 
 
 
 
 
     Thanks for your cooperation 
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I I .  O t h e r  G r a p h s  
 
 
 

 

Figure A: Thermal load in single glass partly closed greenhouse                     with 
considering 1.5 {h-1} forced infiltration ratio 

 

Figure B: Thermal load in single glass partly closed greenhouse with considering 1.0 
{h-1} forced infiltration ratio 
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Figure 20: Thermal load in single glass partly closed greenhouse with considering 0.5 
{h-1} forced infiltration ratio 

 

Figure D: Thermal load in double glass partly closed greenhouse with considering 1.5 
{h-1} forced infiltration ratio 
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Figure E: Thermal load in double glass partly closed greenhouse with considering 1.0 
{h-1} forced infiltration ratio 

 

 

Figure F: Thermal load in double glass partly closed greenhouse with considering 0.5 
{h-1} forced infiltration ratio 
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Figure G: Sensitivity analysis for PBP due to different COP value for the heat pump 
with considering the base load as the design load 

 

Figure H: Sensitivity analysis for PBP due to different COP value for the heat pump 
with considering the peak load as the design load 
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I I I .  G e n e r a l  M a t h e m a t i c a l  d e s c r i p t i o n  o f  
t h e  e n e r g y  b a l a n c e  e q u a t i o n  t h r o u g h  
t h e  T y p e  5 6 -  T R N S Y  S  1 6  M a n u a l  

 

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

, , , ,   (A-1) 

Here the  is the net heat gain in the zone i, ,  is the total gain 
from the surface in the zone i, ,  is the infiltration gains in the zone 
i,  is the ventilation gains from the user defined sources in the zone 
i, ,  is the internal convective gains by the people, equipments, etc in 
the zone i and finally the ,  is the convective heat gains from the 
adjacent zones. The ,  can be find by the equation (A-2) 

,  , · ·  (A-2) 

Here, the ,  will be calculated by equation (A-3) 

, · · | | ·  (A-3) 

Here, K1, K2 and K3 are empirical constants which are given in the fol-
lowing table based on the ASHRAE handbook of fundamental (ASH-
RAE, 2009) 

Table A-1 summary of model details used in the TRNSYS greenhouse modelling  

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. 
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The  is the ventilation gains that is produced by a user defined ven-
tilation system is given by equation (A-4) 

 , · ·  (A-4) 

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

 , · ·  (A-5) 

As it mentioned, the ,  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 sur-
faces. In order to calculate the ,  the surface heat fluxes should be 
analysed. In the figure (A-1) the surface heat fluxes and relevant tem-
peratures have been presented. 

 

Figure A-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 (Seem, 1987). The star temperature which is an artificial tempera-
ture node can be used to obtain the net radiative and convective heat 
flux from the inside of surfaces. The combined convective and radiative 
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heat fluxes for the inside and outside surfaces are presented in the fol-
lowing equations.  

, , , , , ,   (A-6) 

With 

, , ,  (A.7) 

And  

, , , , , ,   (A-8) 

With 

, , , , ,   (A-9)  

, , , ,    (A-10) 

1   (A-11) 

Then the energy balances at the inside and outside surfaces will be de-
fined by equation (A-12) and (A-13) 

, , , ,    (A-12) 

, , , ,  (A-13) 

The “other wall gain” in the equation (A-12) represents for any user-
defined energy flow to the inside surfaces. For the internal surfaces the 

,  is consists of short and long wave radiation however for the ex-
ternal surfaces the ,  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  
(Mitalas, et al.). 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 (A-14) and (A-15). 

, , , ,  

 (A-14) 
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,

∑ , ∑ , ∑ ,  
 (A-15) 

Here, the  is referring to the time. However the above mentioned equa-
tions are evaluated at the equal time intervals. The entire transfer func-
tion coefficient (a, b, c and d) will be calculated within the TRNSYS pro-
gram for each surface based on its boundary conditions and other either 
user-defined or pre-defined (from the TRNSYS library) thermal proper-
ties. Here, there is an example of the calculated transfer function coeffi-
cient 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 

   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 (A-14) and (A-15) into the equation (A-
12) and (A-13) respectively, the following general transformed energy 
equation can be obtained. 

, · , · ,  (A-16) 
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, · , · ,  (A-17) 

 

Where, 

· ,  (A-18) 

  

, ,
   (A-19) 

· , , , ,   (A-20) 

,
 (A-21) 

1 · , · ,   (A-22) 

, , ,

,  

  (A-23) 

, , ,

,  

 (A-24) 

Then the total heat gain from surfaces in each zone can be expressed by 
equation (A-25) 
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, · ,

·
.     

· ,

·
 

·

·
 

·

·
 

· ,  

   

· ,

,  
 (A-25) 

 The convective heat flux from the inside surfaces to the greenhouse air 
are calculated by employing the star network which is introduced by 
Seem (Seem, 1987). The star temperature which is an artificial tempera-
ture node can be used to obtain the net radiative and convective heat 
flux from the inside of surfaces. The following equation has been ob-
tained by applying the energy balance using the star network: 

,
,

,  (A-26)  

The equation (A-27) has been obtained by equating and then regrouping 
the equation (A-24) and (A-25). 
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1
,

·
 

·
 

·
.     

,

·
 

·
 

· ,  

   

,  

 (A-27)  

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. 

 (A-28)  

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 (A-28) can be expressed by equation 
(A-29): 
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1
,

· , ·
.     

·

1
,

,

,

.     

 

, ∆ , ∆

, · · , · · ,

· ·  

 (A-29) 

The set of energy balances obtained by equations (A-27) and (A-29) can 
be solved in a matrix form given by equation (A-30). 

 (A-30) 

X X
X X  (A-31) 

 (A-32) 

  (A-33) 

Where 
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X ,

   

, , ·
2
∆

1
,

·
 

 

  (A-34) 

X , ∑ ∑ ·.                    
 (A-35) 

 X ,
,
 (A-36) 

 X , 0                             (A-37) 

X ,
,
 (A-38) 

X , 0 (A-39) 

X , ·
 

·
 

1
,
 

 (A-40) 

 X , ∑ ∑ ·.      (A-41) 

Z , , · · ∑ · · ∑ , · ·
· , ∆
∆ ,   (A-42)  

Z , ∑ · · ∑ · · ,  

∑ , , ·   (A-43) 
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IV. B u i l d i n g  D e s c r i p t i o n s  F i l e  T R N S Y S  
M o d e l  

 

*#C --------------------------------------- TYPES --------------------------------- * 

*#C 

*#C --------------------------------------- LAYERS --------------------------------- * 

*#C 

*#C --------------------------------------- INPUTS ---------------------------------- * 

*#C 

*#C --------------------------------------SCHEDULES ----------------------------- * 

*#C 

*#C ---------------------------------------- WALLS ---------------------------------- * 

*#C 

*#C --------------------------------------- WINDOWS ------------------------------ * 

*#C 

*#C ----------------------------------------- GAINS ---------------------------------- * 

*#C 

*#C --------------------------------------- COMFORT ------------------------------ * 

*#C 

*#C ------------------------------------ INFILTRATION -------------------------- * 

*#C 

*#C ------------------------------------- VENTILATION -------------------------- * 

*#C 

*#C ----------------------------------------- HEATING ----------------------------- * 

*#C 

*#C ---------------------------------------- ORIENTATIONS ---------------------- * 

*#C 



XVIII 
 

*#C ---------------------------------------------- ZONES ------------------------------ * 

*#C 

*#C -------------------------------------------- BUILDING ---------------------------- * 

*#C 

*#C --------------------------------------------- GEOSURF ----------------------------- * 

*#C 

*#C --------------------------------------------- OUTPUTS ------------------------------ * 

*#C 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  P r o j e c t 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*+++ 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 
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 KCEILUP=7.2 : ECEILUP=0.31 : KCEILDOWN=3.888 : ECEILDOWN=0.31 

 KVERTICAL=5.76 : EVERTICAL=0.3 

* 

*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++ 

TYPES 

*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++ 

* 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  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 
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LAYER INSUL 

 CONDUCTIVITY=  0.144 : CAPACITY=    0.8 : DENSITY=     40 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  I n p u t s 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

INPUTS CNAT_1 T_COOL_ON S_NORTH S_SOUTH S_EAST S_WEST BRIGHT IN-
PUT001 ACH_PUBLIC ACH_ROOM1 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  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  

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  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   
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 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 DOUBLE 

 WINID=2001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=90 : SPACID=5 : 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 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  D e f a u l t  G a i n s 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

GAIN PERS_ISO05 

 CONVECTIVE=216 : RADIATIVE=108 : HUMIDITY=0.139 

GAIN COMPUTER04 

 CONVECTIVE=690 : RADIATIVE=138 : HUMIDITY=0 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 
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*  O t h e r  G a i n s 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

GAIN LIGHT_PUBLIC 

 CONVECTIVE=142560 : RADIATIVE=15840 : HUMIDITY=0 

GAIN LIGHT_ROOM1 

 CONVECTIVE=235224 : RADIATIVE=26136 : HUMIDITY=0 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  C o m f o r t 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  I n f i l t r a t i o n 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

INFILTRATION CONST 

 AIRCHANGE=0.5 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  V e n t i l a t i o n 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  C o o l i n g 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  H e a t i n g 
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*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

* 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  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 

* 

*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++ 

BUILDING 

*+++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++ 

* 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  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=DOUBLE     : SURF=  6 : AREA=     114.7 : EXTERNAL : ORI=EAST : FSKY=0.5 
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WALL  =OUTWALL    : SURF=  7 : AREA=      10.8 : EXTERNAL : ORI=WEST : FSKY=0.5 

WINDOW=DOUBLE     : 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=DOUBLE     : SURF= 12 : AREA=      1502 : EXTERNAL : ORI=NORTH26 : 
FSKY=0.875 

WALL  =ROOF       : SURF= 11 : AREA=       0.1 : EXTERNAL : ORI=SOUTH26 : 
FSKY=0.875 

WINDOW=DOUBLE     : SURF= 13 : AREA=      1502 : EXTERNAL : ORI=SOUTH26 : 
FSKY=0.875 

WALL  =INTWALL    : SURF= 23 : AREA=       0.1 : ADJACENT=PUBLIC : FRONT 

WINDOW=DOUBLE     : SURF= 25 : AREA=     187.4 : ADJACENT=PUBLIC : FRONT : 
ORI=NORTH  

WALL  =OUTWALL    : SURF=  3 : AREA=      22.5 : EXTERNAL : ORI=SOUTH : FSKY=0.5 

WINDOW=DOUBLE     : SURF=  4 : AREA=       165 : EXTERNAL : ORI=SOUTH : 
FSKY=0.5 

 REGIME 

 GAIN        = LIGHT_ROOM1 : SCALE= 1 

 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=DOUBLE     : SURF= 20 : AREA=       165 : EXTERNAL : ORI=NORTH : 
FSKY=0.5 

WALL  =OUTWALL    : SURF= 14 : AREA=      7.33 : EXTERNAL : ORI=EAST : FSKY=0.5 
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WINDOW=DOUBLE     : 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=DOUBLE     : 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=DOUBLE     : SURF= 24 : AREA=     187.4 : ADJACENT=ROOM1 : BACK : 
ORI=NORTH  

WALL  =ROOF       : SURF= 18 : AREA=       0.1 : EXTERNAL : ORI=NORTH26 : 
FSKY=0.875 

WINDOW=DOUBLE     : 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=DOUBLE     : 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        = LIGHT_PUBLIC : SCALE= 1 

 INFILTRATION= CONST 

 CAPACITANCE = 5700    : VOLUME= 4750    : TINITIAL= 0       : PHINITIAL= 50      : 
WCAPR= 1 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  O u t p u t s 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

OUTPUTS 

 TRANSFER : TIMEBASE=1.000 

 AIRNODES = ROOM1 PUBLIC  

 NTYPES =   1 : TAIR - air temperature of zone 
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        =   2 : QSENS - sensible energy demand of zone, heating(-), cooling(+) 

        =   9 : RELHUM - relativ humidity of zone air 

        =  10 : QLATD - latent energy demand of zone, humidification(-), dehumidifcation (+) 

        =  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 win-
dows 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 (including ventilation, infiltra-
tion, couplings and latent internal gains 

 AIRNODES = ROOM1  

 NTYPES =   2 : QSENS - sensible energy demand of zone, heating(-), cooling(+) 

        =  10 : QLATD - latent energy demand of zone, humidification(-), dehumidifcation (+) 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

*  E n d 

*---------------------------------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------- 

END 

 

_EXTENSION_WINPOOL_START_ 
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WINDOW 4.1  DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name        : TRNSYS 15 WINDOW LIB 

Desc        : Single, 5.8 

Window ID   : 1001 

Tilt        : 90.0 

Glazings    : 1 

Frame       : 11                       2.270 

Spacer      :  5 Class5                0.000   1.000   0.000 

Total Height: 1219.2 mm 

Total Width :  914.4 mm 

Glass Height: 1079.5 mm 

Glass Width :  774.7 mm 

Mullion     : None 

Gap        Thick   Cond  dCond    Vis   dVis   Dens   dDens     Pr     dPr 

1              0       0      0      0      0      0       0      0       0 

2              0       0      0      0      0      0       0      0       0 

3              0       0      0      0      0      0       0      0       0 

4              0       0      0      0      0      0       0      0       0 

5              0       0      0      0      0      0       0      0       0 

Angle     0    10    20    30    40    50    60    70    80    90 Hemis 

Tsol  0.830 0.829 0.827 0.823 0.813 0.792 0.744 0.632 0.384 0.000 0.749 

Abs1  0.095 0.096 0.098 0.101 0.105 0.109 0.114 0.117 0.114 0.000 0.106 

Abs2      0     0     0     0     0     0     0     0     0     0     0 

Abs3      0     0     0     0     0     0     0     0     0     0     0 

Abs4      0     0     0     0     0     0     0     0     0     0     0 

Abs5      0     0     0     0     0     0     0     0     0     0     0 
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Abs6      0     0     0     0     0     0     0     0     0     0     0 

Rfsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Rbsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Tvis  0.901 0.901 0.900 0.897 0.890 0.871 0.824 0.706 0.441 0.000 0.823 

Rfvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

Rbvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

SHGC  0.855 0.855 0.853 0.849 0.841 0.821 0.774 0.663 0.414 0.000 0.777 

SC: 0.78 

Layer ID#         9052        0        0        0        0        0 

Tir              0.000        0        0        0        0        0 

Emis F           0.840        0        0        0        0        0 

Emis B           0.840        0        0        0        0        0 

Thickness(mm)      4.0        0        0        0        0        0 

Cond(W/m2-C     ) 225.0        0        0        0        0        0 

Spectral File     None     None     None     None     None     None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature                 -17.8 C      15.6 C      26.7 C      37.8 C 

Solar      WdSpd  hcout hrout  hin 

(W/m2)     (m/s)     (W/m2-C) 

0        0.00  12.25  3.42  8.23  5.27 5.27  4.95 4.95  4.94 4.94  5.53 5.53 

0        6.71  25.47  3.33  8.29  6.26 6.26  5.73 5.73  5.68 5.68  6.46 6.46 

783        0.00  12.25  3.49  8.17  5.25 5.25  4.58 4.58  5.24 5.24  5.66 5.66 

783        6.71  25.47  3.37  8.27  6.25 6.25  5.53 5.53  5.95 5.95  6.57 6.57 

WINDOW 4.1  DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name        : TRNSYS 15 WINDOW LIB 

Desc        : Single, 5.8 
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Window ID   : 1101 

Tilt        : 90.0 

Glazings    : 1 

Frame       : 11                       2.270 

Spacer      :  5 Class5                0.000   1.000   0.000 

Total Height: 1639.7 mm 

Total Width : 1239.3 mm 

Glass Height: 1500.0 mm 

Glass Width : 1100.0 mm 

Mullion     : None 

Gap        Thick   Cond  dCond    Vis   dVis   Dens   dDens     Pr     dPr 

1              0       0      0      0      0      0       0      0       0 

2              0       0      0      0      0      0       0      0       0 

3              0       0      0      0      0      0       0      0       0 

4              0       0      0      0      0      0       0      0       0 

5              0       0      0      0      0      0       0      0       0 

Angle     0    10    20    30    40    50    60    70    80    90 Hemis 

Tsol  0.830 0.829 0.827 0.823 0.813 0.792 0.744 0.632 0.384 0.000 0.749 

Abs1  0.095 0.096 0.098 0.101 0.105 0.109 0.114 0.117 0.114 0.000 0.106 

Abs2      0     0     0     0     0     0     0     0     0     0     0 

Abs3      0     0     0     0     0     0     0     0     0     0     0 

Abs4      0     0     0     0     0     0     0     0     0     0     0 

Abs5      0     0     0     0     0     0     0     0     0     0     0 

Abs6      0     0     0     0     0     0     0     0     0     0     0 

Rfsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Rbsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Tvis  0.901 0.901 0.900 0.897 0.890 0.871 0.824 0.706 0.441 0.000 0.823 



XXX 
 

Rfvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

Rbvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

SHGC  0.855 0.855 0.853 0.849 0.841 0.821 0.774 0.663 0.414 0.000 0.777 

SC: 0.78 

Layer ID#         9052        0        0        0        0        0 

Tir              0.000        0        0        0        0        0 

Emis F           0.840        0        0        0        0        0 

Emis B           0.840        0        0        0        0        0 

Thickness(mm)      4.0        0        0        0        0        0 

Cond(W/m2-C     ) 225.0        0        0        0        0        0 

Spectral File     None     None     None     None     None     None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature                 -17.8 C      15.6 C      26.7 C      37.8 C 

Solar      WdSpd  hcout hrout  hin 

(W/m2)     (m/s)     (W/m2-C) 

0        0.00  12.25  3.42  8.23  5.27 5.27  4.95 4.95  4.94 4.94  5.53 5.53 

0        6.71  25.47  3.33  8.29  6.26 6.26  5.73 5.73  5.68 5.68  6.46 6.46 

783        0.00  12.25  3.49  8.17  5.25 5.25  4.58 4.58  5.24 5.24  5.66 5.66 

783        6.71  25.47  3.37  8.27  6.25 6.25  5.53 5.53  5.95 5.95  6.57 6.57 

WINDOW 4.1  DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name        : TRNSYS 15 WINDOW LIB 

Desc        : Single, 5.8 

Window ID   : 1201 

Tilt        : 90.0 

Glazings    : 1 

Frame       : 11                       2.270 
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Spacer      :  5 Class5                0.000   1.000   0.000 

Total Height: 2639.7 mm 

Total Width : 1339.7 mm 

Glass Height: 2500.0 mm 

Glass Width : 1200.0 mm 

Mullion     : None 

Gap        Thick   Cond  dCond    Vis   dVis   Dens   dDens     Pr     dPr 

1              0       0      0      0      0      0       0      0       0 

2              0       0      0      0      0      0       0      0       0 

3              0       0      0      0      0      0       0      0       0 

4              0       0      0      0      0      0       0      0       0 

5              0       0      0      0      0      0       0      0       0 

Angle     0    10    20    30    40    50    60    70    80    90 Hemis 

Tsol  0.830 0.829 0.827 0.823 0.813 0.792 0.744 0.632 0.384 0.000 0.749 

Abs1  0.095 0.096 0.098 0.101 0.105 0.109 0.114 0.117 0.114 0.000 0.106 

Abs2      0     0     0     0     0     0     0     0     0     0     0 

Abs3      0     0     0     0     0     0     0     0     0     0     0 

Abs4      0     0     0     0     0     0     0     0     0     0     0 

Abs5      0     0     0     0     0     0     0     0     0     0     0 

Abs6      0     0     0     0     0     0     0     0     0     0     0 

Rfsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Rbsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Tvis  0.901 0.901 0.900 0.897 0.890 0.871 0.824 0.706 0.441 0.000 0.823 

Rfvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

Rbvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

SHGC  0.855 0.855 0.853 0.849 0.841 0.821 0.774 0.663 0.414 0.000 0.777 

SC: 0.78 
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Layer ID#         9052        0        0        0        0        0 

Tir              0.000        0        0        0        0        0 

Emis F           0.840        0        0        0        0        0 

Emis B           0.840        0        0        0        0        0 

Thickness(mm)      4.0        0        0        0        0        0 

Cond(W/m2-C     ) 225.0        0        0        0        0        0 

Spectral File     None     None     None     None     None     None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature                 -17.8 C      15.6 C      26.7 C      37.8 C 

Solar      WdSpd  hcout hrout  hin 

(W/m2)     (m/s)     (W/m2-C) 

0        0.00  12.25  3.42  8.23  5.27 5.27  4.95 4.95  4.94 4.94  5.53 5.53 

0        6.71  25.47  3.33  8.29  6.26 6.26  5.73 5.73  5.68 5.68  6.46 6.46 

783        0.00  12.25  3.49  8.17  5.25 5.25  4.58 4.58  5.24 5.24  5.66 5.66 

783        6.71  25.47  3.37  8.27  6.25 6.25  5.53 5.53  5.95 5.95  6.57 6.57 

WINDOW 4.1  DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name        : TRNSYS 15 WINDOW LIB 

Desc        : Waermeschutzglas,Ar, 1.4 71/59 

Window ID   : 2001 

Tilt        : 90.0 

Glazings    : 2 

Frame       : 11                       2.270 

Spacer      :  1 Class1                2.330  -0.010   0.138 

Total Height: 1219.2 mm 

Total Width :  914.4 mm 

Glass Height: 1079.5 mm 
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Glass Width :  774.7 mm 

Mullion     : None 

Gap        Thick   Cond  dCond    Vis   dVis   Dens   dDens     Pr     dPr 

1 Argon     16.0 0.01620  5.000  2.110  6.300  1.780 -0.0060  0.680 0.00066 

2              0       0      0      0      0      0       0      0       0 

3              0       0      0      0      0      0       0      0       0 

4              0       0      0      0      0      0       0      0       0 

5              0       0      0      0      0      0       0      0       0 

Angle     0    10    20    30    40    50    60    70    80    90 Hemis 

Tsol  0.426 0.428 0.422 0.413 0.402 0.380 0.333 0.244 0.113 0.000 0.354 

Abs1  0.118 0.118 0.120 0.123 0.129 0.135 0.142 0.149 0.149 0.000 0.132 

Abs2  0.190 0.192 0.198 0.201 0.200 0.199 0.199 0.185 0.117 0.000 0.191 

Abs3      0     0     0     0     0     0     0     0     0     0     0 

Abs4      0     0     0     0     0     0     0     0     0     0     0 

Abs5      0     0     0     0     0     0     0     0     0     0     0 

Abs6      0     0     0     0     0     0     0     0     0     0     0 

Rfsol 0.266 0.262 0.260 0.262 0.269 0.286 0.326 0.422 0.621 1.000 0.314 

Rbsol 0.215 0.209 0.207 0.210 0.219 0.237 0.272 0.356 0.560 0.999 0.260 

Tvis  0.706 0.710 0.701 0.688 0.670 0.635 0.556 0.403 0.188 0.000 0.590 

Rfvis 0.121 0.115 0.114 0.118 0.132 0.163 0.228 0.376 0.649 1.000 0.203 

Rbvis 0.103 0.096 0.093 0.096 0.108 0.132 0.179 0.286 0.520 0.999 0.162 

SHGC  0.589 0.593 0.591 0.586 0.574 0.551 0.505 0.405 0.218 0.000 0.518 

SC: 0.55 

Layer ID#         9052     9065        0        0        0        0 

Tir              0.000    0.000        0        0        0        0 

Emis F           0.840    0.140        0        0        0        0 

Emis B           0.840    0.840        0        0        0        0 
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Thickness(mm)      4.0      4.0        0        0        0        0 

Cond(W/m2-C     ) 225.0    225.0        0        0        0        0 

Spectral File     None     None     None     None     None     None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature                 -17.8 C      15.6 C      26.7 C      37.8 C 

Solar      WdSpd  hcout hrout  hin 

(W/m2)     (m/s)     (W/m2-C) 

0        0.00  12.25  3.25  7.62  1.54 1.54  1.31 1.31  1.35 1.35  1.47 1.47 

0        6.71  25.47  3.21  7.64  1.62 1.62  1.36 1.36  1.40 1.40  1.53 1.53 

783        0.00  12.25  3.39  7.99  1.69 1.69  1.54 1.54  1.51 1.51  1.54 1.54 

783        6.71  25.47  3.30  7.81  1.79 1.79  1.63 1.63  1.58 1.58  1.59 1.59 

WINDOW 4.1  DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name        : TRNSYS 14.2 WINDOW LIB 

Desc        : No glazing = open 

Window ID   : 10001 

Tilt        : 90.0 

Glazings    : 1 

Frame       : 11                       2.270 

Spacer      :  1 Class1                2.330  -0.010   0.138 

Total Height: 1219.2 mm 

Total Width :  914.4 mm 

Glass Height: 1079.5 mm 

Glass Width :  774.7 mm 

Mullion     : None 

Gap        Thick   Cond  dCond    Vis   dVis   Dens   dDens     Pr     dPr 

1              0       0      0      0      0      0       0      0       0 
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2              0       0      0      0      0      0       0      0       0 

3              0       0      0      0      0      0       0      0       0 

4              0       0      0      0      0      0       0      0       0 

5              0       0      0      0      0      0       0      0       0 

Angle     0    10    20    30    40    50    60    70    80    90 Hemis 

Tsol  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 

Abs1  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 

Abs2      0     0     0     0     0     0     0     0     0     0     0 

Abs3      0     0     0     0     0     0     0     0     0     0     0 

Abs4      0     0     0     0     0     0     0     0     0     0     0 

Abs5      0     0     0     0     0     0     0     0     0     0     0 

Abs6      0     0     0     0     0     0     0     0     0     0     0 

Rfsol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Rbsol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Tvis  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 

Rfvis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Rbvis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

SHGC  1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.000 1.000 

SC: 1.0 

Layer ID#         9052        0        0        0        0        0 

Tir              0.000        0        0        0        0        0 

Emis F           1.000        0        0        0        0        0 

Emis B           1.000        0        0        0        0        0 

Thickness(mm)    0.001        0        0        0        0        0 

Cond(W/m2-C     ) 999.0        0        0        0        0        0 

Spectral File     None     None     None     None     None     None 

Overall and Center of Glass Ig U-values (W/m2-C) 
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Outdoor Temperature                 -17.8 C      15.6 C      26.7 C      37.8 C 

Solar      WdSpd  hcout hrout  hin 

(W/m2)     (m/s)     (W/m2-C) 

0        0.00  12.25  3.42  8.23  5.27 5.27  4.95 4.95  4.94 4.94  5.53 5.53 

0        6.71  25.47  3.33  8.29  6.26 6.26  5.73 5.73  5.68 5.68  6.46 6.46 

783        0.00  12.25  3.49  8.17  5.25 5.25  4.58 4.58  5.24 5.24  5.66 5.66 

783        6.71  25.47  3.37  8.27  6.25 6.25  5.53 5.53  5.95 5.95  6.57 6.57 

*** END OF LIBRARY *** 

*******************************************************************************************
******** 

*WinID   Description                              Design         U-Value g-value T-sol Rf-sol T-vis 

*******************************************************************************************
******** 

  1001   Single, 5.8                              4                5.68  0.855  0.83  0.075  0.901 

  1101   Single, 5.8                              4                5.68  0.855  0.83  0.075  0.901 

  1201   Single, 5.8                              4                5.68  0.855  0.83  0.075  0.901 

  2001   Waermeschutzglas,Ar, 1.4 71/59           4/16/4           1.4  0.589  0.426  0.266  0.706 

 10001   No glazing = open                        0.001            5.68  1  1  0  1 

_EXTENSION_WINPOOL_END_ 

      

 

 

 

 

 

 

 

     ***** WALL TRANSFERFUNCTION CALCULATIONS ***** 
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              ---------- 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 
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  SUM      4.1535386E-02    4.1535386E-02    4.1535386E-02    3.2083778E-02 

 

              ---------- 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 

 

  ************* REQUIRED INPUTS ************* 
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*:InpNR| Label| UNIT | INPUT DESCRIPTION |Old label 

* |1| TAMB| C |AMBIENT TEMPERATURE | TAMB 

* |2| RELHUMAMB | % | RELATIVE AMBIENT HUMIDITY  | ARELHUM 

* |3 | TSKY| C| FIKTIVE SKY TEMPERATURE| TSKY 

* |4| IT_NORTH| kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION NORTH                               
| ITNORTH    

* |5| IT_SOUTH|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION SOUTH                               
| ITSOUTH    

* |6|IT_EAST|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION EAST                                
| ITEAST     

* |7| IT_WEST|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION WEST                                
| ITWEST     

* |8| IT_HORIZONT|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION HORI-
ZONT | ITHORIZONT 

* |9| IT_NORTH26|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION NORTH26                             
| ITNORTH26  

* |10| IT_SOUTH26|kJ/hr.m^2|INCIDENT RADIATION FOR ORIENTATION SOUTH26                             
| ITSOUTH26  

* |11| IB_NORTH| kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION 
NORTH| IBNORTH    

* |12| IB_SOUTH|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION 
SOUTH| IBSOUTH    

* |13|IB_EAST|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION EAST                           
| IBEAST     

* |14|IB_WEST|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION WEST                           
| IBWEST     

* |15|IB_HORIZONT|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION 
HORIZONT|IBHORIZONT 

* |16|IB_NORTH26|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION 
NORTH26|IBNORTH26  

* |17|IB_SOUTH26|kJ/hr.m^2|INCIDENT BEAM RADIATION FOR ORIENTATION 
SOUTH26|IBSOUTH26  

* |18|AI_NORTH|degrees|ANGLE OF INCIDENCE FOR ORIENTATION NORTH                               
| AINORTH   

* |19|AI_SOUTH|degrees|ANGLE OF INCIDENCE FOR ORIENTATION SOUTH                               
| AISOUTH    
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* |20|AI_EAST|degrees|ANGLE OF INCIDENCE FOR ORIENTATION EAST                                
|AIEAST     

* |21|AI_WEST|degrees|ANGLE OF INCIDENCE FOR ORIENTATION WEST                                
| AIWEST     

* |22|AI_HORIZONT|degrees| ANGLE OF INCIDENCE FOR ORIENTATION HORI-
ZONT| AIHORIZONT 

* |23|AI_NORTH26|degrees| ANGLE OF INCIDENCE FOR ORIENTATION NORTH26| 
AINORTH26  

* |24|AI_SOUTH26|degrees| ANGLE OF INCIDENCE FOR ORIENTATION SOUTH26                             
|AISOUTH26  

* |25|CNAT_1|any| INPUT| CNAT_1     

* |26|T_COOL_ON|any| INPUT| T_COOL_ON  

* |27|S_NORTH| any| INPUT| S_NORTH    

* |28| S_SOUTH|any| INPUT| S_SOUTH    

* |29|S_EAST| any| INPUT| S_EAST     

* |30| S_WEST| any | INPUT| S_WEST     

* |31| BRIGHT | any | INPUT| BRIGHT     

* |32| INPUT001| any | INPUT| INPUT001   

* |33| ACH_PUBLIC| any| INPUT | ACH_PUBLIC 

* |34| ACH_ROOM1| any| INPUT| ACH_ROOM1  

 

  ************* DESIRED OUTPUTS ************* 

*:OutNr | Label | Unit| ZNr |Zone| SurfNr| OUTPUT DESCRIPTION                                                                                
| old label 

* |1| TAIR_ROOM1|C|1|ROOM1|-|air temperature of zone                                                                              
| TAIR   1 

* |2| TAIR_PUBLIC| C|2 | PUBLIC|-| air temperature of zone                                                                                           
| TAIR   2 

* |3| QSENS_ROOM1| kJ/hr|1 | ROOM1 |-| sens. energy demand of zone, heating(-),         
cooling(+) | QSENS  1 

* |4| QSENS_PUBLIC| kJ/hr | 2 | PUBLIC|-| sens. energy demand of zone, heating(-),         
cooling(+)| QSENS  2 
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* |5| RELHUM_ROOM1| % |1 | ROOM1|-| relativ humidity of zone air                                                                              
| RELHUM 1 

* |6| RELHUM_PUBLIC | %|2 | PUBLIC|-| relativ humidity of zone air                                                                               
| RELHUM 2 

* |7| QLATD_ROOM1| kJ/hr |1 | ROOM1|-| lat. energy demand of zone, humidif.(-), dehu-
midif.(+) | QLATD  1 

* |8| QLATD_PUBLIC| kJ/hr|2 | PUBLIC|-| lat. energy demand of zone, humidif.(-), dehu-
midif.(+) | QLATD  2 

* |9| TOP_ROOM1| C | 1 | ROOM1|-| operative room temperature                                                                                      
| TOP    1 

* |10| TOP_PUBLIC | C | 2 | PUBLIC|-| operative room temperature                                                                                   
| TOP    2 

* |11| ABSHUM_ROOM1| kg/kg|1 | ROOM1|-| absolute air humidity                                                                                  
| ABSHUM 1 

* |12| ABSHUM_PUBLIC | kg/kg|2 | PUBLIC |-| absolute air humidity                                                                               
| ABSHUM 2 

* |13| QHEAT_ROOM1| kJ/hr|1 | ROOM1|-| heating demand                                                                                           
| QHEAT  1 

* |14| QHEAT_PUBLIC | kJ/hr |2 | PUBLIC|-| heating demand                                                                                           
| QHEAT  2 

* |15| QCOOL_ | kJ/hr|1 | ROOM1|-| cooling demand                                                                                           
| QCOOL  1 

* |16| QCOOL_PUBLIC| kJ/hr |2 | PUBLIC |-| cooling demand                                                                                           
| QCOOL  2 

* |17| QTSPAS_ROOM1|kJ/hr |1 | ROOM1|-| total solar rad. passing from outside surface of 
ext. windows| QTSPAS 1 

* |18| QTSPAS_PUBLIC|kJ/hr| 2 | PUBLIC |-| total solar rad. passing from outside surface of 
ext. windows| QTSPAS 2 

* |19| QTSKY_ROOM1| kJ/hr| 1 | ROOM1|-| total rad. to sky of outside surfaces of zone                                                   
| QTSKY  1 

* |20| QTSKY_PUBLIC| kJ/hr| 2 | PUBLIC|-| total rad. to sky of outside surfaces of zone| 
QTSKY  2 

* |21| SQHEAT_1| kJ/hr |-|-|-| sum of heating demand of , ROOM1, PUBLIC                                                                     
| SQHEAT   

* |22| SQCOOL_1| kJ/hr|-|-|-| sum of cooling demand of , ROOM1, PUBLIC                                                                     
| SQCOOL   

* |23| SQLATD_1| kJ/hr|-|-|-| sum of latent energy demand of, ROOM1, PUBLIC                                                              
| SQLATD   
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* |24| SQLATG_1| kJ/hr|-|-|-| sum of latent energy gains of , ROOM1, PUBLIC                                                                  
| SQLATG   

* |25| QSENS_ROOM1_#2|kJ/hr| 1 | ROOM1|-| sens. energy demand of zone, heating(-),         
cooling(+)| QSENS  1 

* |26| QLATD_ROOM1_#2| kJ/hr| 1 | ROOM1|-| lat. energy demand of zone, humidif.(-), 
dehumidif.(+) | QLATD  1 

 

              *** 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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