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Greenhouse  farming  is  r i s ing due to  the  h igh  demand of  f resh d iverse produce and g iven  

the foss i l - fue l  paradigm, i t  is  urg ing the implementat ion of  renewable  and susta inable  

technologies in  th is  industry.  

Th is  thes is  is  based on the heat  demand of  a  tomato greenhouse implemented on the 

reg ion o f  Aarhus,  Denmark,  wi th  in te rnal  temperature var ia t ions f rom 18 to  22 ℃,  us ing as  

main energy source a 2000 𝑚3 p i t  seasonal  thermal  energy s torage uni t ,  a ided by a 3000 𝑚2 

U-p ipe shaped evacuated tube co l lec tor  f ie ld  as energy source,  having water  as medium 

and wi th  maximum opera t ing temperature of  85 ℃.  

In  order  to  understand  the feas ib i l i t y o f  us ing a  p i t  s torage  uni t  to  cope the greenhouse’s  

temperature  requi rements ,  a  thermo -economic analys is  was  done,  conduct ing an  

energet ic  examinat ion based on t he heat  ba lance of  a l l  un i ts  and economical ly,  by a  ne t  

present  va lue (NPV) approach.  Knowing the g reenhouse hour ly heat  demand pat tern on a  

year -bas is ,  a  mul t i -node  approach was  taken  to  p redic t  s t ra t i f icat ion  in  the,  dependent  on  

in-and-out  f luxes f rom the co l lec tor  f ie ld  and greenhouse.  

The model l ing  showed that  i t  is  poss ib le  to  cover a  73 % o f  a  2000 𝑚2 tomato g rowth  

greenhouse’s  heat  demand for  an opt imal  temperature contro l ,  wi th  a so lar  co l lec tor  f ie ld  

and p i t  s torage ef f ic ienc ies of  33.5 % and 80.5 %,  respect ive ly.  The setup showed a pos i t ive  

NPV o f  200,000 € on a 20 years  l i fe t ime bas is  and a payback per iod of  10 years .  
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INTRODUCTION 

The greenhouse  ef fect  and creat ion  of  microc l imate to  inc rease  fa rming ef f ic iency is  known 

for  about  two mi l lenniums  (van Henten,  1994)  and i ts  use is  increas ing cont inuous ly,  due to  

the h igher demand of  f resh produce consumpt ion and lower  cost  o f  p roduct ion (Von Zabel t i t z,  

2011).  Other  pos i t i ve character is t ic s  are  the lower water  consumpt ion  per  un i t  area  and  

h igher 𝐶𝑂2 concentrat ions that  increase  p roduct i v i t y ,  making  th is  a  h igh market  va luable  

technology (Czyzyk,  Bement ,  Dawson,  & Mehta ,  2014) .  

Choosing the locat ion fo r  a  greenhouse implementat ion is  cruc ia l  g iven the d i f ferent  c l imate  

condi t ions that  wi l l  majo r ly  set  the  heat  demand of  the uni t  (Ki t tas ,  Katsoulas,  Bartzanas,  &  

Bakker,  2013)  and so Mar ian i ,  Cola ,  Bulgar i ,  Ferrante,  & Mart inet t i ,  2016 have demonst rated  

that  the heat  requi rements  in  Northern European countr ies  are  much h igher than  

Medi ter ranean.  

Heat ing systems for  c l imate contro l  are cons idered the h ighest  𝐶𝑂2 producers  in  

greenhouses,  where there has been accounted 30 to  90% o f  the  to ta l  emiss ions in  

greenhouses  (Almeida e t  a l . ,  2014;  Bayto run,  Önder,  & Gügerc,  2016;  Boulard et  a l . ,  2011;  

Canakc i  & Ak inc i ,  2006;  Hat i r l i ,  Ozkan,  & Fert ,  2006;  Plu imers,  Kroeze,  Bakker,  Chal la ,  &  

Hord i jk ,  2000) .  Th is  and  the energy consumpt ion wi l l  o f ten d ic ta te the  se l l ing cost  o f  produce,  

is  c raving  the industry to  f ind  opt imum and greener energy sources,  where Stu rm, Maier ,  

Royapoor,  & Joyce,  2014  have shown tha t  sh i f t ing f rom natura l  gas  heaters  to  waste  

combined heat  and power (CHP)  p lants  ca n decrease energy consumpt ion  up to  93 %.  

To con trad ic t  the  foss i l  fue l  paradigm,  severa l  d i f ferent  heat ing systems have been 

developed,  where  Semple,  Car r i veau,  & Ting,  2017  demonstrated that  i t  i s  prof i tab le to  use  

a seasonal  heat  s torage  borehole coupled wi th  a heat  pump, or  Ja in  & Tiwar i ,  2003  which 

conc luded that  us ing heat  ground a i r  co l lec to rs  a l lowed ins ide temperatures 6 − 7 ℃ h igher  

than ambient .  Others  l ike Ar faoui ,  Bouadi la ,  & Guizani ,  2017 ;  Benl i  & Durmuş,  2009;  D’Arpa  

et  a l . ,  2016;  Mehrpooya,  Hemmatabady,  & Ahmadi ,  2015;  Ozgener & Hepbasl i ,  2005;  Xu,  L i ,  

Wang,  & L iu ,  2014;  Zhang et  a l . ,  2015  have combined heat  pumps wi th  so lar  co l lec tor  un i ts ,  

la tent  seasonal  heat  s torage and seasonal  so i l  heat  s torage uni ts  to  inc rease uni t ’s  e f f ic iency 

and decrease running cost  o f  product ion.  Al l  th is  s tud ies have made greenhouses more  

ef f ic ient  and envi ronmenta l ly susta inable  (Mar ian i  e t  a l . ,  2016) .  

Power  sources are  not  the only  way to  achieve bet ter  cost -benef i t ,  in  fac t ,  pass ive systems 

are being developed cont inuous ly,  which genera l ly conduct  in to  lower  energy necess i t ies .  

Çayl ı  &  Akyüz,  2019;  Za imoglu,  2017  shown that  us ing thermal  cur ta ins,  espec ia l ly dur ing  

non- i r rad iat i ve  hours ,  he lps mainta in ing a  more s tab le  in ter ior  temperature,  where  

Santamour is ,  Arg i r iou,  &  Val l indras,  1994;  Singh & Tiwar i ,  2010  s tate that  us ing nor th  wal ls  

wi th  lower thermal  conduct iv i t y  than  genera l  g reenhouse cover ing  mater ia ls ,  l ike g lass or  

po lymers ,  can help  the system by increas ing temperature var ia t ions f rom in ter ior  and ambien t  

up to  7 ℃.  Dannehl ,  Schuch ,  & Schmidt ,  2013;  Koza i ,  Shida,  & W atanabe,  1986  have shown 
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that  even though therma l  cur ta ins may decrease  11% o f  l ight  t ransmiss ion,  the system can  

s t i l l  prof i t  up to  32% in  energy yie ld .  

The model l ing  process of  a  greenhouse can be  of  va r ious cases  l ike energet ic ,  exerget ic ,  

envi ronmenta l  and economical  (Başçet inçel ik ,  Öztürk ,  Paksoy,  & Demire l ,  1999;  Hepbasl i ,  

2011;  Öztü rk ,  2005;  Pasgianos,  Ar ,  & Polycarpou,  2003) .For   energy analys is ,  researchers  

l ike Benl i  & Durmuş,  2009;  Lafont  &  Balmat ,  2002  have used  the  fuzzy log ic  contro l  model ,  

which a l lowed opt imal  temperatu re and  re la t ive  humid i ty  and  good compr ise wi th  

exper imenta l  resul ts .  Some other  approaches to  promote h igher  contro l  o f  the microc l imate  

have  been s tud ied l ike  l i near  programing setups or  the  h eat ing  set -po in t  t ra jectory  approach  

(Chalabi  & Zhou,  1996;  Jadid i ,  Sabuni ,  Homayouni far ,  &  Mohammadi ,  2012) .  

Solar  energy is  economical ly v iab le  and  envi ronmenta l ly  f r iendly  and i t  has been shown to  

be a good d i rect  energy source for  greenhouses ,  espec ia l ly for  warmer c l imates,  but  g iven  

i ts  in termi t tency,  i t  o f ten requi res energy s torage uni ts  to  harvest  and  s tore i t  as  form of  

heat .  (Dincer  &  Ezan,  2018)  Us ing  so lar  energ y to  produce  heat  is  o f ten  in tegrated  wi th  heat  

s torage uni ts ,  g iven the i r  low cost -benef i t  and  i t  has been used widely  in  greenhou ses as 

main energy power  source (Mahmood Farzaneh-Gord,  Arabkoohsar,  Bayaz,  & Khoshnevis ,  

2013;  Mehrpooya et  a l . ,  2015;  Xu et  a l . ,  2014) .  

There are  three main  types of  so lar  co l lec to rs :  F la t  p la te co l lec to rs  (FPC),  evacuated  tube  

co l lec tors  (ETC)  and  concentrat ing parabol ic  co l lec tors  (CPC),  where i t  has b een shown that  

us ing evacuated so lar  co l lec tors  for  co lder  c l imates  provides h igher ef f i c ienc ies wi th  lower  

heat  losses than FPC (Mara j ,  Londo,  F i ra t ,  &  Gebremedhin,  2019) ,  a l though i t  should be 

taken in to accoun t  that  wi th  h igh  work ing f lu id  temperatures (> 80℃) ,  vacuum deter iorat ion  

may happen,  thus decreas ing h igh ly i ts  per fo rmance (Saik ia ,  Nath,  & Bhanja,  2019) .  I t  has  

been proved that  or ienta t ion,  d ispos i t ion and h igh spec i f ic  heat  o f  work ing medium are some 

of  the majo r  specs of  so lar  co l lec tors  which  wi l l  a lso af fect  the s torage uni t ’s  per formance,  

s t ra t i f icat ion leve ls  and the leve l i zed cost  o f  energy (LCOE)  (Z.  T ian,  Perers ,  Furbo ,  & Fan,  

2018;  Zelzoul i ,  Guizani ,  Sebai ,  & Kerkeni ,  2012) .  Another  impor tant  contro l  aspect  is  the  

medium’s mass f low rate,  where Badescu,  2007;  Naik ,  Varshney,  Muthukumar,  & Somayaj i ,  

2016;  Shaf ie ian,  Khiadani ,  & Nosrat i ,  2019  have s tated tha t  obta in ing  a proper  range  wi l l  

y ie ld  h igher out le t  temperatures and be t ter  e f f ic ienc ies,  in  the other  hand the lower  the f low 

rate the in fe r ior  the co l lec tor ’s  e f f ic iency (Badar ,  Buchholz,  & Zieg ler ,  2012) .  

Shi f t ing  f rom short  term to long  term heat  s torage can increase so lar  coverage f rom 15 − 30% 

to  40 − 100% (Böszörményi  & Šiváková,  2012)  and sh i f t ing f rom convent ional  decentra l ised  

natura l  gas heat  un i ts  to  centra l ised so la r  heat ing p lants ,  p rovides envi ronmenta l  and  

economic cost  decrease of  about  85 and 16 %,  respect ive ly (Schach & W ol ls te in -Lehmkuhl ,  

2018;  Tulus,  Boer,  Cabeza,  J iménez,  & Gui l lén -gosálbez,  2016) .  Seasonal  heat  s torage  

uni ts ,  be ing a  long term storage ,  pretend to  harvest  heat  f rom the warmer  per iods of  the year  

to  ensure por t ions or  to ta l i ty o f  heat  demand dur ing co lder  ones (John A.  Duf f ie ,  2013) .  Th is  

technology has  severa l  poss ib le  appl icat ions ,  apart  f rom the convect ional  use for  d is t r i c t  

heat ing,  can be used for  drying,  space heat ing,  desal inat ion and power  generat ion  (Lehr,  

2016).  I t  has been shown by Fan ,  Huang,  Andersen,  & Furbo,  2017;  Lehr,  2016  that  
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combin ing a seasonal  heat  s torage  uni t  wi th  heat  pumps in  combined  hea t  and power  p lants  

(CHP) can increase the pump’s  coef f ic ient  o f  per formance  (COP) and combin ing cool ing and 

heat ing s torage fac i l i t ies  can induce heat  prof i ts  f rom one another  as Balaras,  Dascalak i ,  &  

Aidonis ,  2010 have done.  

Among seasonal  thermal  energy s torage (STES),  d i f ferent  conf igurat ions have bee n s tud ied,  

f rom boreholes,  aqui fers ,  tanks and p i ts  (Dincer  &  Ezan,  2018;  John  A.  Duf f ie ,  2013) .  Pi t  

thermal  energy s torage  (PTES) uni ts  are  widely  used in  the  wor ld  ( IEA,  2011,  2015) ,  where  

the main implementat ion  aspects  are:  appropr ia te vo lume,  hea t  losses,  s t ra t i f ica t ion  

mechanisms and heat  demand (Kumana,  2017;  Lavan & Thompson,  1977;  Shaf ie ian et  a l . ,  

2019).  Heat  losses can be decreased wi th  insu lat ion mater ia ls ,  where Pfe i l  & Koch,  2000  

have shown a  good envi ronmenta l  and economica l  compr ise us ing recyc led granulated  g lass 

and Thomas Schmidt  e t  a l . ,  2018  demonstrated that  usage  of  insu lat ion  in  the bot tom and  

wal ls  o f  a  p i t  is  not  economical ly feas ib le .  

In  order  to  provide a good heat  qual i ty to  the user ,  s t ra t i f icat i on s t ra teg ies can be taken,  in  

which Andersen,  Furbo,  & Fan,  2007;  Campos Celador,  Odr iozola,  &  Sala,  2011;  Furbo,  

Vejen,  & Shah,  2005  have s tud ied  d i f feren t  s t ra t i f icat ion mechanisms,  f rom in le t  s t ra t i f icat ion  

p ipes,  to  entry and exi t  s t reams’  locat ion .  This  las t  approach ,  i t  is  genera l ly  set  wi th  hot  

s t reams on the top of  the uni ts  and return co ld loads on the bot tom. Even though these  

s t ra teg ies take p lace,  Abdoly & Rapp,  1982;  Neupauer & Kupiec,  2017  s tate tha t  de -

s t ra t i f icat ion tends  to  happen as t ime passes main ly due to  d i f fus ion and heat  losses  and  

most ly dur ing  the charg ing per iod .  

The mediums that  can be  used in  STES uni ts  are  genera l ly g rouped as:  sens ib le ,  where there  

is  no phase change (Böszörményi  & Šiváková,  2012) ;  la tent ,  inverse ly to  sens ib le  ones where 

the system prof i t s  f rom lower vo lume need due to  energy absorpt ion dur ing the phase change 

per iod (Gordon,  2013) ;  thermochemical ,  genera l ly done wi th  the use  o f  sa l ts ,  harvest ing  

energy f rom chemical  changes  (Druske,  Fopah- le le ,  Korhammer ,  & Urs,  2014) .  

Thermochemical  mediums are  s t i l l  a  new and evolv ing technology ( IEA,  2011,  2015) .  

Nowadays the  main focus is  upon sens ib le  med iums,  wi th  water  commonly as medium,  due  

to  h igh spec i f ic  heat ,  low cost  and easy access (John A.  Duf f ie ,  2013) .  

Th is  s tudy a imed to  understand the energet ic  and economic feas ib i l i ty o f  a  coupled p i t  

seasonal  heat  s torage  uni t  wi th  U -p ipe  shaped evacuated so la r  co l lec tors ,  to  ensure the heat  

demand of  a  tomato  growth greenhouse  fac i l i t y on  the reg ion o f  Aarhus,  Denmark ,  by crea t ing 

a numer ica l  model  re ly ing  on the system’s  heat  ba lance in  the sof tware  MATLAB R2019a.  

The model l ing  of  the PTES was done wi th  a mul t i -node approach ,  connected to  a group of  

evacuated  so lar  co l lec to rs  wi th  var iab le f low rate  in  the range o f  [0.001: 0.020] 𝑘𝑔/𝑠 in  order  to  

ensure the heat  demand of  a  s ing le-span double-wal l  po lycarbonate  (PC) g reenhouse,  

or iented East -W est  and wi th  a  ground a rea o f  2000 𝑚2,  under the  opt imal  temperatures range 

of  [18: 22] ℃.  A l l  ca lcu lat ions were  done based on the weather  data condi t ions of  the c i ty o f  

Aarhus,  hour ly ,  on an  year ly -bas is ,  in  o rder  to  obta in  a dynamic  approach of  the  

greenhouse’s  necess i t ies  and avai lab le so lar  i r rad iat ion in termi t tency.  F rom Figure 1-1,  i t  

can be seen the conf igurat ion of  the components  of  the overa l l  system, where an ETC 
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co l lec tor  f ie ld  and a g reenhouse (GH) have  been connected to  a PTES uni t ,  wi th  the  

greenhouse prof i t i ng  f rom the s tored heat ,  main ly dur ing winte r  per iods and n ight  t i me.  

 

Figure 1-1 Demonstrat ion of  so lar  p i t  s to rage uni t  connected to  ETC f ie ld  and greenhouse  
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1  OVERVIEW 

In  th is  chapte r  i t  wi l l  be g iven  a  genera l  knowledge of  the  main subjects  app roached in  th is  

thes is ,  i .e .  so lar  i r rad iat ion tak ing a  ro le  o n  the charg ing o f  both  so lar  co l lec tors  and  

greenhouse and the not ion of  seasonal  heat  s to rage,  so lar  co l lec tors  and  greenhouses .  

1.1 SOLAR IRRADIATION 

Thermal  rad iat ion  is  a  smal l  por t ion of  the rad ia t ion spectrum,  concent rated between 0.1 −

100 𝜇𝑚 ,  which inc ludes most  par t  o f  in f rared rad iat ion,  a  smal l  reg ion  of  u l t ra -vio le t  (UV) and  

a l l  the vis ib le  band ,  as can be seen in  F igure  1-1 .  This  reg ion ,  concentra tes the beams that  

induce temperatu re var ia t ions when  h i t t ing  par t i c les  (Vl ie t ,  2000) .  The  main beam length  of  

so lar  i r rad ia t ion is  between 0.1 − 0.3 𝜇𝑚 and i t  is  why so lar  i r rad iat ion is  such  an important  

thermal  energy source (Bergman,  Lavine,  Incrope ra,  & Dewi t t ,  2011) .  

 

Figure 1-1 Elect romagnet ic  rad iat ion spectrum (V l ie t ,  2000)  

An important  aspect  to  th is  s tudy is  to  understand the so lar  capac i ty for  thermal  technologies 

such as greenhouses  and seasonal  heat  s torage  systems as the i r  source.  Sola r  i r rad iat ion  

is  h igh ly  var iab le on  a  year-round and dependent  on the  locat ion where a  g iven  uni t  is  to  be  

input  (ASHRAE,  2017;  Gordon,  2013) .  

Knowing the so lar  avai lab i l i t y is  the s tar t -up aspect  to  in i t ia te  the s imulat ions ,  for  th is ,  

weather  condi t ions need  to  be known,  i .e .  ambient  temperatu re,  wind  speed,  g lobal  and  

d i f fuse i r rad ia t ion,  la t i tude and longi tude ,  which can be obta ined th rough weather  data  or  

the ASHRAE Clear  Sky Model  (Vl ie t ,  2000) .  In  th is  pro ject  the  year - round weather  data  for  

the c i ty o f  Aarhus was  used and dependent  on the or ientat ion of  each sur face and i ts  

inc l inat ion,  the hour ly avai lab le ene rgy can be  found ,  by means of  so lar  angles shown in  

F igure 1-2,  where 𝛼, 𝛽, 𝑖,  𝑎𝑠,  𝑎𝑤,  are so lar  a l t i tude angle,  sur face t i l t  angle,  inc ident  angle,  

so lar  azimuth angle and sur face azimuth angle,  respect ive ly  and fur ther  expla ined in  chapter  

2 .1.2 .  
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Figure 1-2 Solar  angles  on a t i l ted sur face  

The incoming thermal  rad iat ion can be obta ined  as seen in  F igure 1-3 where the g lobal  

i r rad iat ion ,  composed by d i rect ,  d i f fuse and ref lec ted  beams,  reach  a sur face and are  spread  

dependent  on the mater ia l ’s  i r rad iat i ve proper t ies ,  be ing d iv ided in to  por t ions of  re f lec ted,  

absorbed and t ransmi t ted rad iat ion  (Gordon,  2013) .  

 

Figure 1-3 Globa l  i r rad ia t ion composi t ion  and i ts  impact  on a  sur face  

I f  the  case is  to  have h igh t ransmi t ted  so lar  i r rad iat ion e i ther  on  a  greenhouse or  a  so la r  

co l lec tor ,  the  bet te r  the  i r rad iat i ve  t ransmiss ion of  a  pass ing sur face l i ke g lass or  non-

opaque polymers (Akelah,  2013) .  I f  h igh  absorpt ion of  so lar  i r rad ia t ion  is  the purpose ,  then  

a mater ia l  wi th  h igh absorpt iv i ty  and low t ransmiss iv i t y is  requi red l ike  coated meta l  f ins  in  

so lar  co l lec tors .  So dependent  on the purpose,  the proper mater ia l  should be chosen to  take 

advantage  on th is  energy source  (Vl ie t ,  2000) .  

In  the end,  us ing so lar  i r rad iat ion as form of  heat ,  requi res knowledge on local  weather  

condi t ions,  so lar  and  sur face angles  of  the hous ing  covers ,  year l y i r rad iat ive  pat te rn an d  a  

good se lect ion of  mater ia ls  for  each thermal  means,  to  make so lar  thermal  technologies  

feas ib le .  
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1.2 GREENHOUSE 

For more than 20 years  now, the fa rming indus try  rea l i zed that  by con tro l l ing the  s t ress  

factors  on crop produc t ion,  i t  was poss ib le  to  endure crop product ion wi th  lesser  impact  f rom 

envi ronmenta l  uncerta in t ies  and year -wise growth even fo r  seasonal  p lants ,  s imply  by  

contro l l ing the  c l imate  of  the hous ing,  thus  creat ing  a g reenhouse  ef fect  (Ki t tas  et  a l . ,  2013) .  

Greenhouses ’  most  important  component  is  i t s  coat ing,  which a l low lower  bands,  around 0.3 −

3 𝜇𝑚,  o f  thermal  rad iat ion  to  pass through and  re ta ins  b igger wavelengths,  around 0.3 − 80 𝜇𝑚,  

thus increas ing i ts  in ternal  energy and consequent ly i ts  temperature .  F igure 1-4 shows a  

bas ic  schemat ic  o f  th is  fac i l i t ies ,  where  the  incoming so lar  rad ia t ion is  f i l tered by the wal l ’s  

sur faces and bands of  b igger wavelengths a re t rapped in  the  hous ing ,  creat ing the  

greenhouse ef fect ,  be ing  poss ib le  t o  achieve h igher tempera tures than the  surrounding  areas  

(Gr iepentrog,  Blackmore ,  & Vougioukas,  2006) .  

The  greenhouse  s t ructu ra l  conf igura t ion d ic ta tes  the l ike l ihood  of  a  broader l i fe  cyc le  

expectancy and of  prof i tab i l i ty (Von Zabel t i t z,  2011) .  Given that ,  the spec i f ic  inner  and oute r  

c l imate condi t ions wi l l  d i c ta te which  wi l l  be  the  opt imal  des ign.  Roof ing  type,  vo lume,  g round 

area,  mechanica l  s t ructu re and cover  mater ia ls  a re some of  the  more important  aspects  when 

model l ing a greenhouse  (Akelah,  2013) .  

Two main types of  roof  a re  widely used (Von Zabel t i tz ,  2011) :  

-  Round arched,  which has h igh wind res is tance an d s imple construct ion,  but  a t  the 

cost  o f  accumulat ion of  condensates in  the h ighest  most  hor izonta l  po int  caus ing  

water  d r ipp ing and h igher so lar  d i f fus ion;  

-  Point  arched,  that  reduce dr ipp ing and  necess i ty  o f  mechanica l  s t ructu res,  but  a t  the  

cost  o f  more wind  res is tance.  

In  terms of  area and vo lume,  the h igher the vo lume the n icer  the in ter ior  c l imat ic  condi t ions 

are kept  for  the same ground area ,  a l though i t  wi l l  requi re  h igher heat  supp ly  (Singh & Tiwar i ,  

2010).  For  th is ,  so lu t ions have  been accessed,  l ike the  sh i f t  f rom s ing le to  mul t i -span  

greenhouses ,  y ie ld ing h igher crop dens i ty and the poss ib i l i ty o f  mechanica l  vent i la to rs  usag e 

Solar Radiation 
 
Long-wave thermal radiation  

Figure 1-4 Demonstrat ion of  greenhouse e f fect  
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for  in ter io r  qual i t y contro l ,  caus ing on  other  hand an increase in  bu i ld ing  costs  s ign i f icant ly  

(Von Zabel t i tz ,  2011) .  

In  th is  s tudy,  the hous ing layout  f rom Arabkoohsar,  Farzaneh -Gord,  Ghezelbash,  & Koury,  

2017;  Farzaneh-Gord,  Arabkoohsar,  Bayaz,  & Khoshnevis ,  2013  was used,  g iven i ts  wide 

vo lume per ground area ,  s ing le -span to  decrease construct ion  costs  and point -arched roo f  

provid ing  bet ter  dr ipp ing  than round-arched and s t ructura l  advantages,  shown in  F igure 1-5.   

 

Figure 1-5 Greenhouse conf igurat ion  and d imensions  

There are a var ie ty o f  cover ing mater ia ls  commonly used in  the indust ry ,  wi th  some l is ted in  

Table  1-1,  which  the appropr ia te choice  has ma ny conundrums:  depending on locat ion,  year ly  

weather  condi t ions,  p r ice  and p roduct ’s  thermal  and mechanica l  character is t ics .  

Glasshouses contr ibute  to  h igh construct ion costs ,  so to  make them feas ib le ,  large vo lumes  

are cons idered  to  decrease costs  by uni t  area and heat  losses t hrough the wal ls ,  as  Ki t tas  

et  a l . ,  2013;  Sal tuk & Artun,  2019  have s tated  that  the average g lasshouse ’s  area in  the  

Nether lands in  2003 were  of  1 .5 hecta res .  

An a l ternat i ve to  g lass usage is  a  po lymer ,  provid ing  a poss ib i l i t y o f  us ing s ing le or  mul t i layer  

(double or  t r ip le)  separated by gaseous  bulks ,  genera l l y f i l led wi th  a i r ,  where Verhaegh,  

1996 has s tated that  30 − 40% o f  heat ing savings can be achieved by sh i f t ing f rom s ing le to  

double in f la t ing polyethy lene (PE).  Along wi th  the p last ics ’  cheap factor ,  when compared to  

g lass,  i t  a lso has  the ease of  manipulat ion to  p rov ide  spec i f ic  wave- length b lockages/passes,  

by a l te r ing opac i ty o r  co lour ,  depending on the expected so lar  i r rad iance  and in ter ior  des i red  

c l imat ic  condi t ions  (Von Zabel t i tz ,  2011) .  

  

50 m 40 m 

1.5 m 

2.5 m 
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Table 1-1  Transmi t tance  va lues for  d i f feren t  cover mater ia ls  (adapted  f rom  Von Zabel t i t z,  
2011) and overa l l  heat  t ransfer  coef f ic ient  (adapted f rom ASAE,  1998 )  

Material  Thickness,  𝜹 

 (𝒎𝒎) 

Solar 

Transmit tance  

Transmit tance 

(%)  

( IR wavelengths  

 𝟑 − 𝟐𝟎 𝝁𝒎)  

U-value  

(𝑾/𝒎𝟐𝑲) 

Direct  

l ight  (%) 

Di f fuse 

l ight  (%) 

Glass  4 89 − 91 82 0 5.4 

PE 

single  

0.1 − 0.2 89 − 91 81 25 − 60 6.2 

PC 

double-

wal l  

12 80 76 0 3.2 − 3.6 

 

Polymers l ike  po lyethylene (PE) and polycarbonate  (PC) are of  common employment  in  

greenhouses,  where the f i rs t  one  repr esen ts  a very  cheap so lut ion  wi th  good thermal  

propert ies ,  but  a t  the cost  o f  low l i fe  span,  wi th  3 -4 years  l i fe ,  depend ing on the weather  

condi t ions,  be ing  more des i red  for  mi ld  c l imates l ike the Medi ter ranean  (Akelah,  2013;  Di lara  

& Br iassoul is ,  1998) .  In  nor thern European count r ies ,  the mechanica l  res is tance becomes of  

more importance and  therefore r ig id  p last ics  l ike PC  are more appropr ia te and even though 

the bui ld ing costs  are  larger ,  in  double - layered PC f i lms i t  is  poss ib le  to  achieve h igh  

t ransmi t tance of  low wave - leng th thermal  rad ia t ion and su sta in  heavy w ind and ra in  loads  

(Gr iepentrog et  a l . ,  2006;  Ki t tas  et  a l . ,  2013;  Von Zabel t i tz,  2011) .  As a lso  s tated by Çayl ı  

& Akyüz,  2019;  Krug et  a l . ,  2020;  Nelson,  2004 ,  double- layers  can reduce energy 

consumpt ion by 40% f rom s ing le - layer  greenhouses.  

The mater ia l  cons idered for  the s tudy at  hand was  a double - layered PC due to  r ig id  

character is t ics  g iven the  winter  harsh condi t ions of  Denmark ,  wi th  good t ransmi t tance of  low 

band so lar  i r rad ia t ion and  h igh capture o f  b ig  thermal  rad iat ion  bands  wi th in  the  house,  wi th  

spec i f icat ions shown in  Table  1-2 where 𝛿, 𝜏, 𝜌 and 𝑘 are th ickness,  t ransmiss iv i ty,  re f lec t ion  

coef f ic ient  and conduct ion  heat  t ransfe r  coef f i c ient ,  respect i ve ly  and  the subscr ip t  𝑃𝐶,  

po lycarbonate .  
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Table 1-2 Cover mater ia l ’s  characte r is t ics  used in  s imulat ions.  

Material  Unit  Double-wal l  PC 

𝜹 𝑚𝑚 8 

𝝉𝑷𝑪 -  0.84 

𝝆𝑷𝑪 -  0.1 

𝒌𝑷𝑪 𝑊/𝑚2𝐾 0.21 

 

1.3 SEASONAL HEAT STORAGE 

Energy usage and avai lab i l i ty  occur  somet imes in  d i f feren t  t ime f rames,  fo r  example at  n igh t  

t ime,  dams s t i l l  run  whi le  the energy requi rements  are very low ,  which br ings the necess i ty  

o f  s tor ing  energy,  so water  back -pumping  has been implemented  (Rehman,  Al -Hadhrami ,  &  

Alam, 2015) .  The in termi t tency between necess i ty and  at ta inabi l i t y  led to  a var ie ty o f  

technologies of  energy s torage such as  e lect r ica l ,  potent ia l  and heat  (Abdi ,  Mohammadi -

ivat loo,  Javadi ,  Khodaei ,  & Dehnavi ,  2017) .  

Heat  s torage fac i l i t ies  a re d iv ided in to  two  main  purposes:  shor t  or  long  term storage  and  

both funct ion  through charg ing -s tor ing -d ischarg ing cyc les  as demonst rated in  F igure  1-6.  

Long-term thermal  energy s torage (TES) s tar t  wi th  a charg ing per iod where an energy source 

such as so lar ,  works as  energy input  dur ing the warm season,  fo l lowed by s tor ing  per iod 

when the  requi rements  are kept ,  l ike maximum temperature  or  p ressure,  and in  the  

winter /co ld season the uni t  d ischarges in  order  to  at ta in  the output  necess i t ies .  This  process  

is  done when the demand and avai lab i l i t y o f  heat  do not  meet ,  therefore ca l led seasonal  

thermal  energy s to rage  (Vl ie t ,  2000) .  

 

Figure 1-6 Seasonal  hea t  s torage uni t  cyc le  
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One of  the main energy sources in  STES fac i l i t ies  is  so lar  energy that  is  harvested and 

converted in to hea t  by means of  a  s tor ing medium. For  th is ,  d i f ferent  depos i t  conf igurat ion s 

can be used,  in  F igure  1-7 some of  the most  used ones are  demonstrated  ( IEA,  2015;  

Kras imirov Pavlov,  2014;  Pavlov & Olesen,  2012;  T.  Schmidt ,  Mangold,  & Mül ler -Ste inhagen,  

2004):  

-  Water  Tank Storage  is  the more versat i le  un i t ,  g iven  i t  is  a  bu i l t  tank,  par t ia l ly  or  

to ta l ly  underground,  wi th  insu lated wal ls  and cover ,  a l lowing  a var ie ty  o f  in ternal  

thermal  cons iderat ions wi th  low impact  f rom i ts  surrounding condi t ions,  thus acqui r in g  

h igh s torage per formances,  a l though,  i t  comes wi th  h igh construct ion cos ts ;  

-  Aqui fer  Thermal  Energy Storage  present s  a  good purpose when there  is  demand for  

both heat ing  a  cool ing,  where  wel ls  f i l led wi th  minera ls  such  as  gravel ,  sand  and 

l imestone,  make in to the ground-water  layer ,  and ext rac t  the co ld medium f rom one 

wel l  and charge i t  and s tore i t  in  the hot  one .  When the cool ing medium is  requi red,  

the cyc le  is  reversed.  

-  Pi t  thermal  energy s torage (PTES)  presen ts  a s a  ground hole sur rounded by so i l  wi th  

low thermal  d i f fus iv i t y,  such as c lay ,  separat ing the medium wi th  a  waterp roo f  

mater ia l  l ike po lypropylene and insu lated at  least  on the top cover.  These fac i l i t ies  

are widely  used  due  to  low implementat ion costs  and low temperature var ia t ions of  

the ground sur roundings  having as example  the MARSTAL Sunsto re  fac i l i t ies  al ready 

in  use in  Denmark .  

The conf igurat ion chose n in  th is  pro ject  was a PTES uni t ,  tak ing in to  account  the successfu l  

cases shown by Fan et  a l . ,  2017;  PlanEnerg i ,  2013,  2015 .  

 

 

Figure 1-7 Di f fe rent  types of  underground therma l  energy s torage (Pavlov & Olesen ,  2012)  
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In  order  to  s tore energy on a medium, one must  know i ts  thermal  propert ies  g iven i t  wi l l  a lso  

d ic ta te the vo lume necess i ty for  a  sp ec i f ic  demand (Dincer  & Ezan,  2018) .  There are  3 main  

fami l ies  of  mediums:  sens ib le  s torage ,  where  the medium harvest  energy wi th  no phase  

change;  la tent  s torage,  where energy is  s tored wi th  lower dens i ty changes us ing phase-

change mater ia ls  (PCM);  usage of  for  example sa l ts ,  whi ch  wi l l  harvest  the  energy by 

changing chemical ly,  so ca l led thermochemical  storage.  (Dincer  & Ezan,  2018;  Jamshid ian,  

Gor j ian,  & Far,  2018)  The d imensions are cruc ia l  to  be min imized g iven the construct ion  

costs ,  and f rom Figure 1-8,  i t  is  c lear  that  thermochemical  are  the more prominent ,  wi th  

h igher energy capac i ty by un i t  vo lume,  fo l lowed by la ten t  and las t l y sens ib le  ones .   

 

Figure 1-8  Volumetr ic  net  power  ra te  for  d i f ferent  usual  mediums used in  Seasonal  hea t  
s torage   (Dincer  & Ezan,  2018)  

The costs  of  const ruct ion and maintenance are n ot  on ly dependent  on vo lume,  and as shown 

in  F igure 1 -9 and Table 1-3,  can be conc luded that  thermochemical  s torage is  a  technology 

s t i l l  in  development ,  in  which IEA,  2011  reported  that  so  far  i t  is  not  c lear  the advantages  of  

us ing i t  in  large  scale un i ts  for  convent ional  c l imate contro l .  In  the o ther  hand,  STES systems 

are widely known,  wi th  capi ta l  advantages and s tab i l i ty.  
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Figure 1-9 Rat io  of  capi ta l  requi rement  and r isk  over  the matur i ty  leve l  o f  d i f ferent  energy 
s torage systems ( IEA,  2011)  

Analys ing  Table  1-3,  la tent  s torage has  advantages in  energy rate  by vo lume uni t  and  

ef f ic iency,  when compared wi th  sens ib le  ones,  but  in  the o ther  hand,  i t s  capi ta l  cost  can  

reach up 3 t imes h igher than sens ib le  and w i th  shorter  s torage per iods,  turn ing i t  less 

des i rab le for  h igh  energy capac i ty un i ts  (Dincer  & Ezan,  2018;  John A.  Duf f ie ,  2013) .  

Table 1-3 Character is t ics  of  d i f ferent  heat  s torage technologies  

Thermal  Power Rate (𝑴𝑾) Storage Period  Eff ic iency (%)  Capital  Costs  

($/𝒌𝑾) 

Sensible STES 0.001-10  Day-month  50-90  3400-4500  

Latent STES 0.001-1  Hour-day 75-90  6000-15000  

Thermochemical  0.01-1  Hour-month  75-100  1000-3000  

 

For  a  wide  var ie ty  o f  cases PTES systems use  water  as  medium, g iven  i t s  h igh spec i f ic  heat  

among l iqu ids,  easy access and low cost ,  but  i t  can induce corros ive ef fects  on the  

mechanica l  mater ia ls  o f  the setup .  W hen not  pur i f ied,  i t  has a h igh degrading rate ,  where  

PlanEnerg i ,  2015  reported that  the  low grade  pur i f icat ion of  the  water  led to  a degradat ion  

of  the running p ipes  on  the f i rs t  year  o f  implementat ion,  and  in  co ld c l imates may even  

f reeze ,  thus decreas ing the capac i ty  o f  the uni t  (Dincer  & Ezan,  2018) .  As s tated by Thomas  

Schmidt  e t  a l . ,  2018 ,  the  water  requi res a previous pur i f icat ion,  where sa l ts  are removed and  

the PH is  e leva ted to  9.8,  i n  order  to  be usefu l  as  a  heat  s torage medium.  

The  medium used in  th is  thes is  was  water ,  cons ider ing that  i t  was pur i f ied to  the s tandards  

reported by Thomas Schmidt  e t  a l . ,  2018 .  
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Heat  s torages  can have  d i f ferent  thermal  d is t r ibut ions by means of  temperature gradient  

a long the ver t ica l  axis ,  ca l led s t ra t i f icat ion.  This  phenomenon is  very  important  to  i ncrease 

the qual i t y  o f  p rovided energy when d ischarg ing  a tank and  can  e i ther  be  natu ra l l y  done o r  

induced by  mechanica l  s t ra t i f iers ,  for  example when us ing d i f fere nt  leve ls  of  charged f low 

in le t  p ipes  l ike  some storage tanks  used in  the  industry as demons tra ted in  F igure  1-10   

(John A.  Duf f ie ,  2013) .  

 

Figure 1-10 Strat i f icat ion mechanism used in  the industry  (Tisun,  2020)  

When natura l  s t ra t i f icat ion is  carr ied ,  a  f ree  convect ion  approach takes p lace,  where  a  

charged medium enter ing a tank wi l l  fo l low i t s  path dependent  on dens i ty ,  c reat ing a  

temperature gradient  (J i j i ,  2006) ,  a l lowing usage of  the co lder  medium f rom the tank ’s  bot tom 

to the charg ing uni t ,  thus  increas ing the  energy p rovider ’s  per formance.  (Abdoly  &  Rapp,  

1982) The genera l  conf igurat ion of  natura l l y s t ra t i f ied tanks,  shown in  F igure 1-11,  is  opt imal  

g iven tha t  the incoming charged water  a lways enters  f rom the top and leaves a t  the  

bot tom/colder  reg ion ,  thus depr iv ing h igh leve ls  of  mixture be tween hot  and co ld zones  (John  

A.  Duf f ie ,  2013) .  

 

Figure 1-11 Input  and ou tput  f lows to  prov ide s t ra t i f icat ion mechanism  

Creat ing  the  h igher  bar r ier  be tween co ld  and warm region s wi l l  y ie ld  b igger e f f ic iency o f  

permutat ion to  the user  (John A.  Duf f ie ,  2013) .  The  barr ie r ,  a lso ca l led  thermocl ine reg ion,  

demonstrated in  F igure 1 -12 (a)  and (b ) ,  dete rmines the s t ra t i f icat ion qual i ty,  i .e .  the  shorter  

the thermocl ine reg ion ,  the bet ter  and  b igger hea t  qual i ty  avai lab i l i t y.  

Output 
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Figure 1-12 Thermocl ine  reg ion wid th depending on the s t ra t i f icat ion leve l  

In  an op t imal  s i tuat ion ,  l ike in  F igure  1-10  where a  s t ra t i f icat ion  mechanism is  use d,  

demonstrated in  F igure  1-12 (a ) ,  the thermocl ine reg ion  tends to  be  short ,  bu t  the  more  

common and l ike ly c i rcumstance is  seen in  F igure 1-12  b,  where the  thermocl ine  reg io n  

agglomerates most  o f  the  tank ’s  he ight .  As s tated by John A.  Duf f ie ,  2013;  Lavan & 

Thompson,  1977,  throughout  t ime tanks tend to  de -s t ra t i f y due to  d i f fus ion and become fu l ly -

mixed as is  demonstra ted in  F igure 1 -12 (c) .  

Model l ing s t ra t i f icat ion leve ls  proper ly  and accurate ly can be a chal lenge  and for  th is  some 

models  are in  use nowadays l ike mul t i -node and p lug- f low approaches.  For  th is  s tudy,  the  

mul t i -node approach was taken,  were the vo lume is  d iv ided in to 𝑁 number of  sub-vo lumes of  

equal  he ight .  Discret is ing the p i t  a l lows to  run  the model ’s  equat ions in  each d iscret ised  

reg ion and reach a more accurate and rea l i s t ic  thermal  behaviour  (Cadau,  Lorenzi ,  

Gambarot ta ,  & Mor in i ,  2019;  John A.  Duf f ie ,  2013) .  

 

1.4 SOLAR COLLECTORS 

Housing and water  heat ing,  e lect r ic i t y product ion ,  greenhouse crop growth and  industr ia l  

processes are some of  the many cases that  so la r  energy can p rovide  and have been around  

for  years  (Böszörményi  & Šiváková,  2012;  Z.  T ian et  a l . ,  2018 ;  Tulus  et  a l . ,  2016) .  The  main 

technology in  use  due to  i ts  e f f ic iency and p rof i tab i l i ty ,  i ts  low cost  and short  payback 

per iods,  is  the so lar  co l lec tor .  From evacuated p ipes  to  f la t  p la tes,  th is  product  is  in  rampage 

in  the a id  of  long- term heat  s to rage  uni ts  (Chung,  Park ,  &  Yoon,  1998;  Kras imirov Pavlov,  

2014;  Schach & W ol ls te in -Lehmkuhl ,  2018;  Xu et  a l . ,  2014) .  

Solar  co l lec tors ,  as seen in  F igure 1-13,  const i tu te  of  a  layered un i t ,  s tar t ing wi th  a 

g lass/p last ic  mater ia l  wi th  h igh thermal  rad iat ion  t ransmiss iv i t y,  a  meta l  f in  layer  to  harvest  

the t ransmi t ted i r rad iat ion,  wi th  h igh absorpt ion  coef f ic ient  and low emiss iv i t y,  l ike coated -

copper.  These two mater ia ls  are separated by a bu lk  area,  wi th  a gas l ike a i r  or  argon or  in  

a  vacuum, in  order  to  create an inner thermal  barr ier  wi th  the outs ide condi t ions,  and f ina l l y  
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a  p ip ing array at tached  to  the cover to  absorb  the energy co l lec ted and  provide i t  to  the  

running f lu id  wi th in .  (Vl ie t ,  2000)  

 

Figure 1-13 Solar  co l lec tor  conf igurat ion  

Solar  co l lec to r ’s  a rray types a re  d iv ided  in  three d i f ferent  fami l ies  (Gordon,  2013;  Vl ie t ,  

2000):  F la t  p la te co l lec tor  (FPC) ,  wi th  a f la t  con f igurat ion wi th  the character is t ics  of  F igure  

1-13,  having genera l l y a i r  in  the bulk  reg ion and insulated in  the bot tom. These co l lec tors  

work very wel l  for  low temperature purposes ( 80℃ <)  and in  mi ld  c l imates g iven i ts  losses by 

conduct ion and convect ion f rom the bulk  to  surroundings;  Evacuated  tube co l lec tors  (ETC) ,  

where the so lar  t ransmi t ter  layer  and absorber p la te are separated by an evacuated bulk  

reg ion,  which h igh ly prevents  the heat  losses,  thus yie ld ing bet te r  per fo rmances  than FPC 

(Jamshid ian et  a l . ,  2018) .  Th is  technology has the advantages of  work in g wel l  in  co ld 

c l imates and can reach  h igh temperatures  to  the point  o f  changing phase,  a l though costs  are  

greater  than FPC.  Compound parabol ic  concentrator  (CPC) is  a  con f igurat ion where  a  

parabol ic  re f lec tor ,  wi th  low t ransmi t tance and absorpt iv i t y,  sur rounds the absorb ing cover,  

re f lec t ing most  o f  the inc ident  so lar  i r rad iat ion onto the cover.  Th is  technology can be done  

in  var ious  ways,  by aggregat ing an ETC wi th  CPC (Kumar & Rosen,  2011) .  

Given the Danish low temperature c l imate and  wi th  prospect  o f  achieving the h ighest  y ie ld  

poss ib le  f rom solar  i r rad iat ion ,  the evacuated tube co l lec tors  were chosen for  the s tudy,  as  

Mara j  e t  a l . ,  2019;  Yan,  Zhang,  & Shao,  2013  suggest  that  in  co ld c l imates ETC tends to  

have h igher ef f ic iency than FPC, g iven i ts  lower losses and  lower aperture area necess i ty  

for  the same outpu t  energy.  

The ETC have two usual  k inds of  arrays:  Meta l - f i n -vacuum tubes and Dewar tubes,  the  f i rs t  

one can be d isp layed  as shown in  F igure 1-14  where a g lass envelope a l lows so lar  waves to  

pass through,  keeping the b igger beams  or  far - in f ra-red reg ion (FIR) in .  A cover p la te  wi l l  

conduct  the absorbed heat  onto  a p ipe  wi th  a  medium f lowing  and a  vacuum region be tween 

Glass 
Transmitter 

Coating 

Layer 

Fin Plate  

Absorbing 
Pipe 

Running 
Medium 

Bulk Region 

Incoming 
Solar 

Irradiation 



Thermo-Economic  Anal ys is  o f  a  So la r  P i t  Seasonal  Thermal  Energy  S to rage fo r  Greenhouse Hea t i ng  

24 

 

 

g lass and meta l  f in  (Vl ie t ,  2000) .  Even though i t  has very l i t t le  thermal  res is tances in -

between the outs ide and  medium, i t  is  expens ive  and d i f f icu l t  to  evacuate the g lass  and  the  

f in  due to  connect ions  (Gordon,  2013) .  

 

Figure 1-14 Bas ic  conf igurat ion of  a  meta l - f in -vacuum tube wi th  f la t  f in  p la te  

The Dewar tubes,  are more complex,  composed by concentr ic  boros i l icate g lass ,  separated  

between vacuum and  genera l ly connected to  an inner f in -p la te absorber and p ipe wi th  f lowing 

f lu id  as demonstrated in  F igure 1-15.  The f ins  are coated in  order  to  decrease rad iat ion 

emiss ion to  the surround ings (Badar ,  Buchholz ,  &  Zieg ler ,  2011;  Kumar & Rosen,  2011)  and  

made of  mater ia ls  wi th  h igh absorpt ion coef f i c ients  and conduct iv i t y ,  as  is  copper  o r  

a lumin ium (Vl ie t ,  2000) .  Th is  k ind o f  co l lec tor  setup is  a  cheaper  layout  due to  the  eas ier  

way to  induce the vacuum f rom g lass to  g lass and so i t  was the layout  chosen for  the 

model l ing  process  (Gordon,  2013) .  

 

 

The  ETC was chosen f rom the work  done by Y.  Gao et  a l . ,  2014 ,  as  a  Dewar  tube  wi th  U-

p ipe shaped (UpETC) wi th  character is t ics  shown in  Table 1-4,  where the subscr ip ts  𝑐𝑜𝑙, 𝑔, 𝑝  

and 𝑡 s tand for  co l lec tor ,  g lass,  p la te and tube,  respect iv e ly.  

  

Figure 1 -15 Cross-sect ional  schemat ic  and  s ide -v iew of  the  so lar  co l lec tor  conf igurat ion  used  
in  s imulat ions  
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Table 1-4 UpETC dimensions and thermal  propert ies  

𝑳𝒄𝒐𝒍 𝟏. 𝟖 𝒎 

𝒅𝒈 0.058 𝑚 

𝒅𝒑 0.047 𝑚 

𝒅𝒕 0.010 𝑚 

𝜶𝒑 0.9 

𝝉𝒈 0.95 

𝑭’ 0.986 

𝐦𝐞𝐝𝐢𝐮𝐦 𝐻2𝑂 (𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑒𝑑 𝑎𝑡 𝑃𝐻 9.8) 
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2 ENERGY ANALYSIS 

Model l ing a  system as complex as coupl ing  so lar  i r rad iat ion  wi th  greenhouse fac i l i t ies ,  so lar  

co l lec tors  and seasonal  heat  s torage uni ts  requi re  a base s t ra tegy g iven the in terdependency 

of  ones system wi th  the others ,  so an energet ic  analy s is  is  genera l l y conducted by means of  

energy balance,  as has been done by  Chalabi  &  Zhou,  1996;  L i ,  Chen,  Luo,  Zhang,  & Xue,  

2010;  Lund & Pel to la ,  1992;  Tak i ,  Rohani ,  & Rahmat i - joneidabad,  2018.  

The subjected methodology was taken by mode l l ing each subsystem by i tse l f  and f ina l l y  

combin ing them toge ther  in  order  to  create  a dynamic  in te ract ion ,  year -wise,  p rof i t ing  or  

a f fect ing f rom one another .  The subsystems  were model led for  every 𝑗𝑡ℎ hour  o f  an ent i re  

year ,  cons idered as :  

-  Greenhouse  

-  U-p ipe shaped evacuated  tube so lar  co l lec tor  f ie ld  

-  Pi t  seasonal  heat  s to rage  uni t  

Al l  the subsystems are dependent  on the c l imate condi t ions of  the s i te  to  be set  up .  For  th is  

F igure 2-1 to  F igure 2-4 show the year -round ambient  temperature,  wind ve loc i ty and d i rect  

and d i f fuse  rad iat ion.  This  s tudy’s  model l ing was set  to  s ta r t  on  the  beginn ing of  the charg ing  

per iod or  warm season and f in ish at  the end of  the co ld per iod,  so a l l  t ime -dependent  graphs  

are provided f rom the 1 s t  o f  Apr i l  –  31 s t  o f  March.  

Table 2 -2,  Table  2 -3 and  Table  2-4 have var iab les wi th  a bar ,  that  account  for  an averaging  

va lue,  where subscr ip ts  𝑎𝑛𝑢𝑎𝑙, 𝑤𝑎𝑟𝑚, 𝑐𝑜𝑙𝑑, 𝑚𝑎𝑥 and 𝑚𝑖𝑛,  s tand fo r  annual  t ime in terva l ,  warm 

per iod of  the year,  co ld  per iod,  maximum recorded va lue and min imum recorded va lue,  

respect ive ly,  wi th  t ime in terva ls  shown in  Table 2-1.  

Table 2-1 T ime in terva l  for  each subscr ip t  in  hours  and days of  the year  

 Subscript  

𝑤𝑎𝑟𝑚 𝑐𝑜𝑙𝑑 𝑎𝑛𝑢𝑎𝑙 

Time interval  

(𝒉𝒐𝒖𝒓𝒔) 

[1: 4392] [4393: 8760] [1: 8760] 

Time interval  

(𝒅𝒂𝒚𝒔) 

1 s t  Apr i l  -  31 s t  

September  

1 s t  October –  31 s t  

March  

1 s t  Apr i l  –  31 s t  

March  
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Figure 2-1 Graphica l  representat ion of  the  pro jec t  ambien t  temperatu re  

 

Table 2-2 Ambien t  temperature averaged ,  maximum and min imum values  

𝑻̅𝒂𝒏𝒖𝒂𝒍 𝑻̅𝒘𝒂𝒓𝒎 𝑻̅𝒄𝒐𝒍𝒅 𝑻𝒎𝒂𝒙 𝑻𝒎𝒊𝒏 

℃ 

𝟗. 𝟗 14.0 5.7 28.1 −5.9 

 

 

Figure 2-2 Graphica l  representat ion of  the pro jec t  wind ve loc i ty  
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Table 2-3 Wind ve loc i ty  averaging ,  maximum and min imum values  

𝒗̅𝒂𝒏𝒖𝒂𝒍 𝒗̅𝒘𝒂𝒓𝒎 𝒗̅𝒄𝒐𝒍𝒅 𝒗𝒎𝒂𝒙 𝒗𝒎𝒊𝒏 

𝒎/𝒔  

𝟒. 𝟐 3.4 5.0 12.6 0.04 

 

 

Figure 2-3 Graphica l  representat ion of  the d i rect  so lar  i r rad iat ion  

 

Figure 2-4 Graphica l  representat ion of  the d i f fuse so lar  i r rad ia t ion  
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Table 2-4 Di rect  and d i f fuse i r rad iat ion averaged ,  maximum and min imum values  

 𝑰̅𝒃𝒂𝒏𝒖𝒂𝒍 𝑰𝒃̅𝒘𝒂𝒓𝒎 𝑰𝒃̅𝒄𝒐𝒍𝒅 𝑰𝒃𝒎𝒂𝒙 𝑰𝒃𝒎𝒊𝒏 

𝑾/𝒎𝟐 

213.4 285.5 164.9 868 0 

𝐼𝑑̅𝑎𝑛𝑢𝑎𝑙 𝐼𝑑̅𝑤𝑎𝑟𝑚 𝐼𝑑̅𝑐𝑜𝑙𝑑 𝐼𝑑𝑚𝑎𝑥 𝐼𝑑𝑚𝑖𝑛 

12.6 21.0 15.7 87 0 

 

The  so i l  temperatu re i s  known to vary  dependent ly on the nearby sur face ’s  c l imat ic  

condi t ions and as suggested by Cui  e t  a l . ,  2011 ,  i t  wi l l  vary less  wi th  depth increase.  For  

th is ,  tak ing  the  work of  Baggs,  1983 ,  fo r  nor thern hemisphere areas,  equat ion 0.1 was  

obta ined,  which provides the dai l y temperature  of  the  so i l ,  𝑇𝑠𝑜𝑖𝑙,  a t  a  g iven depth.  The  

var iab les  𝑇𝑚, Δ𝑇𝑚, 𝑘𝑣, 𝐴𝑠, 𝑥, 𝛼𝑠𝑜𝑖𝑙 , 𝑡 and 𝑡0 s tand for  average annual  a i r  temperature,  ground 

temperature  d i f feren t ia l ,  assumed as 0.85 ℃,  vegetat ion  coef f ic ient  o f  shade over  the  ground,  

assumed 0.9,  ampl i tude o f  the annual  average a i r  tempe rature,  ground dep th,  so i l  average  

thermal  d i f fus iv i t y assumed as 0.96 𝑚𝑚2/𝑠 f rom Pagola,  Jensen,  Madsen,  &  Poulsen,  2017 ,  

t ime in  days of  the year and phase of  a i r  temperature wave,  assumed as 21 𝑑𝑎𝑦𝑠,  respect ive ly .  

𝑇𝑠𝑜𝑖𝑙  (𝑥, 𝑡) = (𝑇𝑚 + Δ𝑇𝑚) − 1.07𝐾𝑣𝐴𝑠 exp(−0.00031552𝑥𝛼𝑠𝑜𝑖𝑙
−0.5) cos [

2𝜋

365
(𝑡 − 𝑡0 − 0.018335𝑥𝛼𝑠𝑜𝑖𝑙

−0.5)] 

𝑤ℎ𝑒𝑟𝑒 𝐴𝑠(𝑡′) = ( 𝑇̅𝑚𝑎𝑥𝑡′ +  𝑇̅𝑚𝑖𝑛𝑡′)/2  𝑤𝑖𝑡ℎ 𝑡′ = 𝑚𝑜𝑛𝑡ℎ  

(0 .1)  

The so i l  temperatu re was computed for  every  day of  the year wi th  the depth in terva l  

[0: 0.5:−16] 𝑚 and i ts  average  month ly temperature can  be seen in  F igure  2-5,  where,  as  

suggested,  d i f fe rs  more  s ign i f icant l y  wi th  t ime when the depth  is  smal l  and tending to  a  

constant  va lue as  i t  goes deeper ,  be ing less  ambient  temperatu re dependent  as dep th  

increases .  
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Figure 2-5 Average month ly  so i l  temperature dependent  on depth  

When model l ing a coupled system STES -ETC the Volume-Area rat io  is  determinant  to  

achieve the best  per formance,  lower  necess i ty  o f  a id  f rom external  power sources and  best  

budget  (Schach & W ol ls te in -Lehmkuhl ,  2018) .  In  th is  pro ject  the complexi ty was no d i f ferent ,  

g iven the  amount  o f  parameters  that  make a system work at  i ts  best  and at  great  c omputat ion  

expenses when conduct ing an opt imiza t ion p rocedure on  a mul t i -ob ject ive s i tuat ion  as  

complex as compar ing  opt imal  generated  heat ,  a long wi th  lowest  need of  auxi l iary energy  

and h ighest  prof i tab i l i ty  wi th  var iant  va lues  l ike f lu id  f low ra te,  numb er of  ser ies ,  vo lume o f  

p i t ,  area of  so lar  co l lec t ion and in terdependency f rom the p i t ’s  temperature gradien t  and  

dynamic  in-and-out  heat  f luxes .  

As s tated by (O.  Paksoy,  2005) ,  seasonal   water  heat  s torage uni ts  are an expens ive  

technology and due to  that ,  the number of  poss ib le  charg ing -d ischarg ing  cyc les const i tu tes 

of  one of  the major  fac tors  to  reduce p roduct ion  costs ,  g iven  that  i f  a  un i t  can p roduce two 

cyc les per  year -per iod,  then  i ts  necess i ty  o f  STES volume wi l l  decrease.  For  th is ,  the  

requi red heat  to  produce a complete cyc le  was determined,  and f rom that  an i terat ive process 

was conducted in  order  to  determine the poss ib i l i t ies  of  d imin ish ing i ts  vo lume and area of  

co l lec t ion.  

The g reenhouse needs of  heat  dur ing the co ld per iod were  determined and set  as demand 

of  the seasonal  heat  s to rage .  For  th is ,  i t  was poss ib le  to  determine the vo lume necess i ty,  

us ing the in te rnal  energy hea t  ba lance equat ion  wi th  the vo lume i n  evidence as shown in  

equat ion 0.2,  where  𝑄̇𝐺𝐻,𝑐𝑜𝑙𝑑 , 𝑑𝑡, 𝜌, 𝑐𝑝 and 𝑑𝑇 are the greenhouse heat  demand f rom the co ld 

per iod,  ca lcu lated as the sum of  heat  demand dur ing the  co ld per iod shown in  Table 2 -1,  

t ime in terva l  o f  3600 seconds,  water ’s  dens i ty ,  spec i f ic  heat  and tempera ture d i f fe rence  
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between maximum storage temperatu re,  here  set  as 85 ℃ and  in i t ia l  s torage temperatu re,  

assumed 20  ℃,  thus a 𝑑𝑇 o f  65 ℃.  

The  to ta l  heat  demand dur ing the  co ld per iod  was of  375 𝑀𝑊ℎ,  thus  reaching  the  conc lus ion 

of  a  need of  4900 𝑚3 to  complete a cyc le  of  heat  demand of  the g reenhouse.  

𝑉𝑆𝑇𝐸𝑆 =
𝑄̇𝐺𝐻,𝑐𝑜𝑙𝑑𝑑𝑡

𝜌𝑐𝑝 d𝑇
 (0 .2)  

From the work done by Schach & W ol ls te in -Lehmkuhl ,  2018 a number of  Volume-Area rat ios  

a long wi th  ser ies  of  co l lec tors  ranging  1 0:40  were used  to  run the model l ing.  From the  

resul ts ,  a  net  p resent  va lue  (NPV) economic analys is  was done wi th  respect ive costs  shown 

in  chapter  3  and an in te rest  ra te  of  5% was cons idered .  Denot ing tha t  a  fu r ther  explanat ion  

of  the net  present  va lue i s  g iven in  chapter  3 ,  be ing the net  cash f low between cash out f lows  

and in f lows  over  a  l i fe t ime per iod.  Thus  the  h igher pos i t i ve  net  cash f low,  the be t ter  the  

prof i tab i l i t y o f  the system and  the sooner  the payback per iod  (Mahmood Farzaneh-Gord  et  

a l . ,  2013) .  

In  F igure 2-6,  can  be seen four  p lo ts  wi th  d i f fe rent  number of  N  ser ies,  and in  each a  group  

of  po ints  dependent  on the vo lume of  the p i t  and area of  co l lec tors ,  having as output  the net  

present  va lue.  Compar ing the ser ies,  i t  seems that  having f rom 20 to  30 co l lec tors  y ie lds  the  

h igher amount  o f  prof i tab le outputs ,  whereas for  10 and 40,  the system d id not  present  very  

promis ing revenues.  Another  aspect  is  the fact  that  for  the vo lumes of   2000 and 2500 𝑚3,  the 

h igher prof i ts  were obta ined wi th  V/A rat ios  be l low  1 and the vo lumes of  1500 and 3000 𝑚3 d id  

not  y ie ld  any promis ing net  cash f lows.  

The remain ing non showed bounds s imply d id  not  fu l f i l  the g reenhouse ’s  requi rements  or  d id  

not  provide any pos i t i ve  outcome, regard less o f  the ser ies or  V/A rat ios .  In  the end ,  the  

ser ies  that  provided  the best  NPV wi th  lower needs of  auxi l iary  heat  was  the case of  vo lume 

equal  to  2000 𝑚3,  wi th  3000 𝑚2 and  20 co l lec tors  in  ser ies ,  thus  conc lud ing i t  as  the  opt imal  

case,  under the s tud ied  va lues.  
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Figure 2-6 Net  p resent  va lue var ia t ion dependent  on number of  N ser ies,  area of  so lar  
co l lec tors  and vo lume of  p i t  

 

In  order  to  understand the thermal  behaviour  o f  a  charg ing d isch arg ing s torage uni t ,  the  

model  was run for  an in i t ia l  year -per iod and re -run for  a  second one wi th  in i t ia l  inputs  f rom 

the outputs  of  the las t  hour o f  the f i rs t  per iod,  in  order  to  understand  i f  there would be  

thermal  s tab i l i ty in  the  tank,  th us conc lud ing i t  as  a quas i -s tab le  any-year -round case  

(Gordon,  2013;  Sharma,  Tiwar i ,  & Sorayan,  1999) .  

F ina l ly,  th is  s tudy was  conducted wi th  tempera ture dependent  phys ica l  character is t ics  l ike  

thermal  conduct i v i t y,  dens i ty,  dynamic  viscos i ty ,  spec i f ic  heat  and Prandt l  number for  the  

in tervenient  f lu ids ,  i .e .  water  and a i r ,  which  were obta ined  f rom data  tab les f rom ASHRAE,  

2017,  p lo t ted and wi th  the a id  of  Microsof t  Excel  2013,  respect ive  regress ions were  

determined to  ob ta in  a va l id  equat ion for  any temperature case in -between the p ro ject ’s  

work ing bounds ,  as shown in  the annex sect ion,  chapter  8  .  
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2.1.  GREENHOUSE ENERGY MODELLING 

Greenhouse ef fect  is  a  phenomenon f rom which  l i fe  would not  exis t ,  where the atmosphere  

creates a thermal  barr i er  for  a  cer ta in  wavelength of  so la r  rays,  re ta in ing them and so  

creat ing an acc l imat ized  reg ion .  Greenhouse farming works wi th  the same purpose,  but  in  

th is  case,  the microc l imate created  is  dependent  on the  requi rements  of  the growing p roduce,  

hous ing mater ia ls  and on the s i te  that  i t  is  p laced  (Von Zabel t i t z,  2011)  .  

In  F igure 2-7,  the main products  grown in  greenhouses in  Denmark are shown,  where the  

three main ones account  for  pot ted  p lants ,  cucumber and tomatoes.  

 

Figure 2-7  Greenhouse  product  quota in  Denmark for  the year  o f  2014 (Danish  Agr i f ish  

Agency,  2016)  

Accord ing to  Danish Agr i f ish Agency,  2016;  s ta t i s ta .dk,  2020 ,  tomato product ion is  one of  

the main crops that  requi res greenhouse implementat ion for  i ts  pro duct ion,  g iven i ts  opt imal  

temperature  l ike Heuve l ink ,  1995;  Mar ian i ,  Co la,  Bulgar i ,  Ferrante ,  & Mart inet t i ,  2016  

suggest ,  rounding 18 − 22 ℃ and wi th  a cr i t ica l  temperatu re of  5 ℃.  As demonstra ted in  F igure  

2-1,  espec ia l l y dur ing  the winter  per iod,  the ambient  temperature  fa l l s  be low the  cr i t ica l  

temperature ,  thus making tomato product ion unl ike ly to  thr i ve in  convent ional  outs ide  

farming,  r isk ing f reezing  and consequent ia l  rupture in  product ion .  Given th is ,  a  temperature 

pat tern was created  based on a l inear  re la t ion between in te r ior  temperature and avai lab le  

i r rad iat ion.  

I t  was assumed that  the  h ighest  temperatu re  would be reached on the hour of  the h ighest  

i r rad iat ion and inverse ly  reaching the lowest  temperatu re when there  was  no rad ia t ion.  The  

graphica l  representat ion  can be seen in  F igure 2-8 and the consequent  equat ion 0 .3 f rom 

the l inear  regress ion .  
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Figure 2-8 Graphica l  representat ion of  l inear  regress ion taken for  the determina t ion of  the  

greenhouse temperatu re  

𝑇𝐺𝐻 = 0.0042(𝐼𝑏 + 𝐼𝑑) + 18, 𝑤ℎ𝑒𝑟𝑒 0.0042 =
1

4
max(𝐼𝑏 + 𝐼𝑑) (0 .3)  

F ina l ly,  the in le t  temperature pat te rn had the  t re nd shown in  F igure 2-9 .  

 

Figure 2-9 In ternal  g reenhouse temperature  pat tern dependent  on  g lobal  so lar  i r rad ia t ion  

 

 Greenhouse Energy Balance  

The energy balance of  a  greenhouse is  dependent  on the requi red en ergy to  crea te an  

opt imal  microc l imate for  crop growth ,  respect i ve  heat  losses to  the surroundi ng areas and 

vent i la t ion  demand  (Bar tzanas,  Tchami tch ian ,  &  Ki t tas ,  2005 ;  Kool i ,  Bouadi la ,  Lazaar,  &  

Farhat ,  2015;  Pasgianos et  a l . ,  2003) .  As  input  energy,  two sources are genera l ly  assumed:  

the so lar  i r rad iat ion on  the hous ing and ,  when th is  provenance does not  meet  the requi rement  

for  a  heal thy crop product ion,  an external  energy source is  used  to  heat  up to  the  spec i f ic  

pro ject  temperature.  In  some cases,  espec ia l ly fo r  la t i tudes upper than  40°,  i t  is  common that  

dur ing the  win ter  t ime the crop necess i ty  o f  heat  f rom sola r  i r rad iat ion  is  not  met  and  so i t  

is  needed another  energy source  than  d i rect  so lar  (Gr iepentrog  et  a l . ,  2006;  Ki t tas  et  a l . ,  

2013;  Von Zabel t i t z,  2011) .  
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Tak ing in to account  the work done by Arabkoohsar et  a l . ,  2017 ;  Mahmood Farzaneh -Gord et  

a l . ,  2013,  the  heat  ba lance equat ion to  model  the greenhouse  uni t  can  be seen in  equat ion  

0.4,  where the le f t  s ide i s  in  respect  to  energy input ,  and the r ight  s ide the uni t ’s  energet ic  

costs ,  where the subscr ip ts  𝑔𝑟𝑒𝑒𝑛 and 𝑣𝑒𝑛𝑡 are the greenhouse energy demand and the hea t  

loss/gain f rom the requi red vent i la t ion ,  respect i ve ly.  

𝑄̇𝑠𝑜𝑙𝑎𝑟 + 𝑄̇𝑔𝑟𝑒𝑒𝑛 = 𝑄̇𝑙𝑜𝑠𝑠 + 𝑄̇𝑣𝑒𝑛𝑡 (0 .4)  

In  order  to  s tar t  each ter m’s  analys is ,  some assumpt ions need to  be done:  

-  Inner  temperature  set  by a pat tern  in  the bounds of  [18 − 22] ℃  (Heuvel ink ,  1995 ;  

Mar ian i  e t  a l . ,  2016)  

-  3  renovat ions per  hour f rom vent i la t ion  (Von Zabel t i tz,  2011)  

-  Uni form in ternal  tempera ture  dependent  on  convect ion,  conduct ion and  rad iat ion hea t  

t ransfer  wi th  greenhouse e lements  and surround ings  (Sharma et  a l . ,  1999)  

-  Soi l  tempera ture dependent  upon ther mal  penetrat ion dep th (Baggs,  1983;  Bi rcher ,  

Skou,  Jensen,  W alker ,  & Rasmussen,  2012)  

 

 Solar I r radiat ion  

As a l ready ment ioned in  chapter  1 .2 ,  in  o rder  to  model  a  greenhouse fac i l i ty,  the in f luence  

f rom the so lar  rad iat ion i s  the pr ime subject  to  a t ta in .  Accord ing to  ASHRAE, 2017;  Bergman 

et  a l . ,  2011;  John A.  Duf f ie ,  2013;  Vl ie t ,  2000 ,  the so lar  i r rad iat ion on a hous ing depends on  

i ts  d imensions,  locat ion,  wal ls  and cover o r ienta t ion and i r rad iat i ve propert ies  of  cover ing  

mater ia l ,  so th is  sect ion is  based on these referenc ing ,  tak ing in to  account  t he la t i tude ,  𝐿,  

o f  the c i ty o f  Aarhus ,  Denmark,  o f  56.16° 𝑁,  longi tude of  10.2° 𝐸 and the a l t i tude assumed as 

sea level ,  i .e .  0 𝑚.  

The g reenhouse or ientat ion is  a lso an important  aspect  and so i t  was o r iented East -W est ,  

having the b igger  wal l  area North -South  or iented as suggested by Ben Al i ,  Bouadi la ,  & Mami,  

2018;  Ja in & Tiwar i ,  2003;  Tak i ,  Rohani ,  & Rahmat i - joneidabad,  2018.  The d imensions,  t i l ted 

angles,  𝛽,  and sur face  azimuth  angles,  𝑎𝑤,  are s tated in  Table 2-5 ,  bear ing that  no d i rect  

i r rad iat ion was cons idered for  the nor th  wal l  as  sun moves East -South -West  in  the nor thern 

hemisphere.  
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Table 2-5 Areas of  Wal l  and cover,  t i l ted angles and sur face azimuth ang les  

 Wal l  Cover  

Orientat ion  South  North  East  West South  North  

Area (𝒎) 125 125 130 130 1002 1002 

𝜷 (°) 90 90 90 90 4.2 −4.2 

𝒂𝒘 (°) 0 0 90 −90 0 0 

 

Given the  cover is  both t i l ted pos i t i ve ly and  negat ive ly,  the d i s t inc t ion  was made by  south  

and nor th  cover,  respect ive ly.  

Dur ing a  year ,  the Ear th ’s  t rans lat ion around the  sun is  e l l ip t ica l  and a t  the same t ime ,  i ts  

po lar  axis  a round which i t  sp ins,  is  no t  perpendicu lar  wi th  the g lobe’s  mot ion around  the  sun  

as seen in  F igure 2-10,  so thrown so lar  waves reach ground at  d i f ferent  angles  in  d i f feren t  

t imes year ly .  

 

Figure 2-10 Earth 's  t rans lat ion around the sun  and respect ive created beam angles  

The angle that  demonst rates the sun rays ’  deviat ion upon Ear th is  ca l led dec l inat ion,  𝛿,  

obta ined by equat ion 0.5 ,  in  respect  to  each day of  the year,  𝑛 ∈ {1: 365},  s tar t ing f rom the 1 s t  

o f  January.  (Salahald in  Na’man,  Haval  Y.  Yacoob,  2013)  

𝛿 = 23.45 sin[360(284 + 𝑛)/365°] (0 .5)  

From Figure  2-11  i t  can  be seen the dec l inat ion var ia t ion year -wise,  where at  the 21 s t  o f  

June and December  a re shown at  the p icks ,  23.45° and  −23.45°.  
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Figure 2-11 Decl inat ion angle var ia t ion dur ing a year  

The sun ’s  mot ion ,  f rom an Earth ’s  v iew,  t rans lates on 360° per  day ,  a t  15° per  hour and fo r  a  

g iven locat ion  i t  is  known that  the  noon,  i .e .  the  hour wi th  the sun  at  i ts  h ighest  po int  in  the 

sky,  i t  is  cons idered as the degree zero.  This  is  ca l led the hour  angle,  ℎ𝑠 and i t  is  obta ined 

cons ider ing that  for  every hour there is  a  −15° deviat ion f rom noon towards morn ing and the  

inverse a f ter  noon,  as g iven by equat ion  0.6 (Abood,  2015).  

ℎ𝑠 = (ℎ − 12) × 15° 𝑤ℎ𝑒𝑟𝑒 ℎ ∈ {1: 24 ℎ𝑜𝑢𝑟𝑠} (0 .6)  

Once obta in ing the hour  angle,  the la t i tude and  the dec l inat ion for  every g iven hour,  i t  is  

poss ib le  to  de termine the so lar  a l t i tude,  which  is  the angle made between the so la r  rays and 

the ground ’s  sur face and can be obta ined by  equat ion  0.7 (Park in ,  2010).  

sin 𝛼 = sin 𝐿 sin 𝛿 + cos 𝐿 cos 𝛿 cos ℎ𝑠 (0 .7)  

As demonstrated in  F igure 2-12,  the sun has i ts  h ighest  po int  dur ing  the  warm per iod  and in  

the other  hand the lowest  dur ing the co ld  per iod.   

 

F ina l ly,  the inc idence  angle,  𝑖,  as  demonst rated in  F igure 1-2 ,  is  the angle  made between the 

d i rect  rays and the zeni th  of  a  cer ta in  sur face.  As shown in  equat ion  2.9 ,  the inc idence angle 

Figure 2-12 Solar  a l t i tude angle var ia t ion year -round 
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is  dependent  on  the so lar  a l t i tude,  sur face t i l t ,  sur face zeni th  a nd the  so lar  azimuth,𝑎𝑠,  

angles.  This  las t  one is  the deviat ion f rom the g round pro ject ion rays wi th  the south,  g iven  

by equat ion 0.8,  which wi l l  vary a long the day.  

sin 𝑎𝑆 =
cos 𝛿 sin ℎ𝑠
cos 𝛼

 (0 .8)  

The  formula t ion to  obta in  the  inc idence angle is  shown in  equat ion  0.9  and wi l l  be  

determinant  to  obta in  the d i rect  i r rad iat ion,  𝐼𝑏,  dependent  on each spec i f i c  𝑘 surface (Vl ie t ,  

2000).  

cos 𝑖𝑘 = cos𝛼 cos(𝑎𝑠 − 𝑎𝑤𝑘) sin 𝛽𝑘 + sin 𝛼 cos𝛽𝑘    (0 .9)  

 

As s tated in  chapter  1 .1 ,  the d i rect ,  d i f fuse and ref lec ted i r rad iat ion depend on the sun ’s  

mot ion dai ly and  year -round (Ulgen,  2006) .  So,  knowing the d i rect  and d i f fuse i r rad iat ion on  

s i te ,  as  seen in  F igure 2-3 and Figure 2-4,  wi l l  he lp  determine the g lobal  i r rad iat ion on each  

sur face by means o f  equat ions 0.10,  0 .11 ,  0 .12 and 0.13,  where the subscr ip t  𝑘 is  

correspondent  to  the or ientat ions spec i f ied f rom  

The sum of  g lobal  i r rad iat ion for  each sur face and overa l l  greenhouse a re shown in  Table  

2-6 and  can be  seen that  the south sur face  and  cover  account  for  more than 70% o f  the  to ta l  

i r rad iat ion per  un i t  area on a greenhouse wi th  the  conf igurat ion of  th is  pro ject ,  hence proving  

the h igher y ie ld  us ing East -W est  or ientat ion,  as suggested in  l i teratu re.  

 

Table 2-6.   

 

𝐼𝑏𝑘 = 𝐼𝑏 cos 𝑖𝑘 (0 .10)  

𝐼𝑑𝑘 = 𝐼𝑑(1 + cos 𝛽𝑘)/2 (0 .11)  

𝐼ℎ = 𝐼𝑏 sin 𝛼 + 𝐼𝑑 (0 .12)  

𝐼𝑟𝑘 = 𝜌𝑠𝑜𝑖𝑙𝐼ℎ(1 − cos 𝛽𝑘)/2 (0 .13)  

In  equat ion  0.13,  the so i l ’s  re f lec t i v i t y,  𝜌𝑠𝑜𝑖𝑙,  was  assumed as 0.2,  as a sur face  composed of  

grass as suggested by Vl ie t ,  2000 and g iven the cover ’s  locat ion i t  was  assumed 𝐼𝑟𝑐𝑜𝑣𝑒𝑟 as  

nu l l .  

Once obta in ing the  d i rect ,  d i f fuse and ref lec ted  i r rad iat io n fo r  each  𝑘𝑡ℎ sur face,  the g lobal  

i r rad iat ion,  𝐼𝑔𝑙𝑜𝑏𝑎𝑙,  could be ob ta ined,  as seen in  equat ion  0.14.  
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𝐼𝑔𝑙𝑜𝑏𝑎𝑙𝑘 = 𝐼𝑏𝑘 + 𝐼𝑑𝑘 + 𝐼𝑟𝑘 (0 .14)  

 

The sum of  g lobal  i r rad iat ion for  each sur face and overa l l  greenhouse a re shown in  Table  

2-6 and  can be  seen that  the south sur face  and  cover  account  for  more than 70% o f  the  to ta l  

i r rad iat ion per  un i t  area on a greenhouse wi th  the  conf igurat ion of  th is  pro ject ,  hence proving  

the h igher y ie ld  us ing East -W est  or ientat ion,  as suggested in  l i teratu re.  

 

Table 2-6 Year ly  d i rect ,  d i f fuse,  re f lec ted  and g lobal  i r rad iat ion  dependent  on sur face  

 Unit  Wal l  Cover  Greenhouse  

Orientat ion  -  South  East  West South  North  -  

𝑰𝒃 𝑘𝑊ℎ/𝑚2 508.4 250.5 261.0 653.6 552.5 2226.3 

𝑰𝒅 55.7 55.7 55.7 111.2 111.2 389.5 

𝑰𝒓 71.7 71.7 71.7 0 0 215.1 

𝑰𝒈𝒍𝒐𝒃𝒂𝒍 635.9 378.0 388.5 764.8 663.7 2830.9 

 

The  so lar  i r rad iat ion  kep t  in  the  greenhouse  is  dependent  on  the cover ’s  t ransmiss iv i t y,  𝜏𝑃𝐶 ,  

the area  of  each sur face  and  the absorpt i v i t y o f  the mater ia l  in  which i t  i r rad iates,  𝛼𝑠𝑜𝑖𝑙.  The  

so i l ’s  absorpt iv i ty  was  assumed as 0.7 as  suggested by Arabkoohsar et  a l . ,  2017 .  For  th is  

the heat  provided to  the greenhouse through so la r  is  shown in  equat ion 0.15 (Ar faoui  e t  a l . ,  

2017).  

𝑄̇𝑠𝑜𝑙𝑎𝑟 = 𝛼𝑠𝑜𝑖𝑙𝜏𝑃𝐶∑𝐴𝑘𝐼𝑔𝑙𝑜𝑏𝑎𝑙𝑘
𝑘

 (0 .15)  

F ina l ly,  i t  was conc luded that  the h ighest  and  lowest  peaks of  so lar  i r rad iat ion were spot ted  

dur ing the mid-summer and mid -winter ,  respect i ve ly,  thus in fer r ing that  the h ighest  need of  

energy f rom the heat  s to rage wi l l  be dur ing the winter  per iod,  and lowest  dur ing summer,  as  

shown in   F igure 2-13.  



Thermo-Economic  Anal ys is  o f  a  So la r  P i t  Seasonal  Thermal  Energy  S to rage fo r  Greenhouse Hea t i ng  

40 

 

 

 

Figure 2-13 Solar  hea t  f l ux  in  the greenhouse  

By understanding  the  heat  f luxes f rom solar  upon the g reenhouse i t  is  v iab le  to  determine 

the losses and necess i t ies ,  when needed ,  to  mainta in  the microc l imate s tab le as  in i t ia l ly  

determined in  the p ro jec t .  

 

 Greenhouse Losses  

The heat  losses in  a greenhouse are g enera l l y towards the ambient  surroundings and ground 

so i l .  In  the ambient  surrounding case ,  the thermal  propert ies  and d imensions of  cover ing  

mater ia l  are of  most  importance,  a longs ide wi th  the outer  weather  condi t ions l ike wind.  

Regard ing the so i l ,  i t  has been demonstrated  in  the  beginning of  chapter  0 ,  that  so i l  

temperature var ia t ions a re much lower than ambient ,  thus induc ing lower losses  (Tak i  e t  a l . ,  

2018).  

In  order  to  obta in  the ene rgy los t  to  the envi ronment ,  equat ions 0.16,  0 .17 and 0.18 were  

used as in  work done by Çayl ı  & Akyüz,  2019;  Ja in & Tiwar i ,  2003 ,  dependent  on the ove ra l l  

heat  t ransfer  be tween inner and outer  condi t ions,  where subscr ip ts  𝑖𝑛 − 𝑠𝑜𝑖𝑙 and 𝑖𝑛 − 𝑎𝑚𝑏 s tand  

for  between inner and so i l  condi t ions and inner and outer  ambient  condi t ions,  respect i ve ly .  

𝑄̇𝑙𝑜𝑠𝑠 = 𝑄̇𝑙𝑜𝑠𝑠𝑠𝑜𝑖𝑙 +∑𝑄̇𝑙𝑜𝑠𝑠𝑘
𝑘

 (0 .16)  

𝑄̇𝑙𝑜𝑠𝑠𝑘 = 𝑈𝑖𝑛−𝑎𝑚𝑏𝑘𝐴𝑘(𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏) (0 .17)  

𝑄̇𝑙𝑜𝑠𝑠𝑠𝑜𝑖𝑙 = 𝑈𝑖𝑛−𝑠𝑜𝑖𝑙𝐴𝑠𝑜𝑖𝑙(𝑇𝑖𝑛 − 𝑇𝑠𝑜𝑖𝑙) (0 .18)  

The  overa l l  heat  loss coef f ic ient s  between in te r ior  and  ambient ,  𝑈𝑖𝑛−𝑎𝑚𝑏,  were determined  

cons ider ing a ser ies  of  thermal  res is tances as shown in  equat ion  0.19 and Figure 2-14,  

where ℎ𝑖𝑛𝑘 is  the  inner  convect ion heat  t ransfer  coef f ic ient ,  𝑘𝑃𝐶  the polycarbonate ’s  heat  

conduct ion coef f ic ient  and ℎ𝑎𝑚𝑏𝑘 the outer  convect ion heat  t ransfe r  coef f ic ient .  (Dincer  &  

Ezan,  2018;  Ni jskens,  Del tour ,  Cout isse,  & Nisen,  1984)  
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1

𝑈𝑖𝑛−𝑎𝑚𝑏𝑘
=

1

ℎ𝑖𝑛𝑘
+
𝛿𝑃𝐶
𝑘𝑃𝐶

+
1

ℎ𝑎𝑚𝑏𝑘
 (0 .19)  

The  ca lcu lat ions of  the  convect ion  coef f ic ients  were  based on the cor re la t ions g iven by 

Bergman et  a l . ,  2011 .  

 

Figure 2-14 Demonst rat ion of  thermal  res is tances of  two bulk  reg ions separated by a sur face 
and temperature  evolut ion  

Determin ing a  convect ion coef f ic ient  is  wide ly done in  l i terature  as dependent  on the f low’s  

thermal  conduct iv i t y,  𝑘,  the sur face’s  character is t ic  length,  𝐿,  and the Nussel t  number,  𝑁𝑢.  

The  Nussel t  number  is  determined as  the rat io  between thermal  convect i ve and conduct i ve  

ef fects  on a  medium,  as shown in  equat ion  0.20,  assuming i t  as  an  averaged Nussel t  number,  

g iven that  the  sur face  temperature is  kep t  cons tant ,  independent  on the length  (Bergman et  

a l . ,  2011;  Ni jskens,  Del tour ,  Cout isse,  & Nisen,  1985) .   

ℎ̅ =
𝑁𝑢̅̅ ̅̅  𝑘

𝐿
 (0 .20)  

In  the case that  i t  is  not  poss ib le  to  determine the f low’s  or ientat ion and g iven that  each 

area of  th is  s tudy is  non -quadrat ic ,  the character is t ic  length,  𝐿𝑐 = 4𝐴/𝑃 ,  was used,  where 𝐴 

and 𝑃 are the  sur face are a and per imeter ,  respect ive ly ,  rep lac ing the length,  𝐿.  

Exte rnal  convect ion cases l ike the one where ambient  f l ows in teract  wi th  a hot  sur face  is  

o f ten dependent  on the wind ’s  ve loc i ty (Ben Al i  e t  a l . ,  2018;  Bergman et  a l . ,  2011) ,  hence  

knowing i f  the  f low pass ing through is  laminar  or  turbulent  is  determinant  to  choose the  

proper corre la t ion  of  convect ion  coef f ic ient ,  thus  the adimensional  number Reynolds,  𝑅𝑒,  

f rom equat ion  0.21  was determined fo r  th is  purpose ,  where 𝜌, 𝑣 and  𝜇 are the a i r ’s  dens i ty ,  

ve loc i ty and dynamic viscos i ty,  respect i ve l l y .  

𝑅𝑒 =
𝜌𝑣𝐿𝑐
𝜇

,𝑤ℎ𝑒𝑟𝑒 {
𝑅𝑒 > 5𝑒6 → 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡
𝑅𝑒 ≤ 5𝑒6 → 𝐿𝑎𝑚𝑖𝑛𝑎𝑟

 (0 .21)  

W ith  the f low regime perce ived,  the Nussel t  number ,   𝑁𝑢̅̅ ̅̅ 𝑜𝑢𝑡, was ob ta ined  assuming external  

convect ion on  ver t ica l / i nc l ined sur faces  f rom Bergman et  a l . ,  2011  as seen in  equat ion 0.22 ,  

dependent  on Reynolds and  Prandt l  numbers,  𝑃𝑟.  
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𝑁𝑢̅̅ ̅̅ 𝑜𝑢𝑡 = {
0.664𝑅𝑒1/2𝑃𝑟1/3,                      𝑖𝑓 𝑅𝑒 ≤ 5𝑒6

0.037 (𝑅𝑒
4
5 − 871)𝑃𝑟

1
3 , 𝑖𝑓 𝑅𝑒 > 5𝑒6

 (0 .22)  

The  in ternal  convect ion  coef f ic ient  was dete rmined  s imi lar ly ,  however  in  th is  case,  the  

in ternal  convect ion coef f ic ient  was assumed as f ree convect ion,  which s ta tes that  the crea ted  

convect ion is  more s ign i f icant ly dependent  on buoyancy forces than on k inet ic  ones,  so i t  

wi l l  be major l y  dependent  on i ts  temperature  and dens i ty  gradient  wi th in  a space whi le  a  

thermal  equi l ibr ium is  be ing reached as t ime passes,  l ik e F igure 2-15 shows.  (Bergman et  

a l . ,  2011)  

 

Figure 2-15 Convect ion phenomenon of  a  hot  medium nearby a co ld sur face and temperature 
and dens i ty  var ia t ion  

Analog to  the Reynolds number  in  forced convect ion ,  which determines the  rat io  o f  the ef fects  

of  iner t ia l  by  v iscous  forces,  for  f ree  convect ion  there  is  the  Grashof  number,  𝐺𝑟,  that  can 

be demonstrated  by the rat io  between the buoyancy forces and  the viscous forces as seen 

in  equat ion 0.23.  The var iab les 𝑔, 𝜈 and 𝛽 s tand for  accelerat ion of  gravi ty,  k inemat ic  v iscos i ty  

and expans ion coef f ic ien t  and subscr ip ts  𝑠 and ∞ the sur face and buoyant  f l u id ,  respect ive ly  

(Chauhan,  2018) .  

I t  should be noted  that  the a i r  was assumed as ideal  gas.  

𝐺𝑟 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿

3

𝜈2
, 𝑤ℎ𝑒𝑟𝑒 𝛽 =

1

𝑇
 𝑓𝑜𝑟 𝑖𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 (0 .23)  

Once the Grashof f  number is  obta ined,  the  proper cor re la t ion  for  Nussel t  numbe r  can be  

chosen for  ver t ica l  su r faces,  seen in  equat ion 0 .24 f rom Bergman et  a l . ,  2011  and equat ion  

0.25 as suggested by Fu j i i  & Imura,  1972 ,  appropr ia te for  the cover ’s  t i l t  inc l inat ion of  4°. 

𝑁𝑢̅̅ ̅̅ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =

(

 
 
 
 
0.825 + 0.387𝑅𝑎

1
6

(1 + (
0.492
𝑃𝑟

)

9
16
)

8
27

)

 
 
 
 

2

, 𝑤ℎ𝑒𝑟𝑒 𝑅𝑎 = 𝐺𝑟𝑃𝑟   (0 .24)  

𝑁𝑢̅̅ ̅̅ 𝑐𝑜𝑣𝑒𝑟 = 0.58𝑅𝑎
1/5 (0 .25)  
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The  Grashof  number in  equat ion is  shown as dependent  on  the  temperatu re between the bulk  

f lu id ,  𝑇𝑖𝑛,  and the sur face ’s  temperature,  𝑇𝑠,  but  𝑇𝑠 is  an unknown var iab le ,  g iven that  i t  is  

a lso dependent  on the  conduct ion coef f ic ient  and the exte rnal  convect ion coef f ic ient .  For  

th is ,  an i terat i ve process was created for  every  in ternal  convect ion coe f f ic ient ,  where an  

in i t ia l  guess was set  for  𝑇𝑠
𝑘 and once ca lcu lated the 𝑘𝑡ℎ in te rnal  convect ion coef f ic ient ,  the  

equal i ty shown in  equat ion 0.26 was used,  to  check the convergence cr i ter ia .  

Not ing that  equat ion  0 .26 was  used assuming outer  sur face  temperature  as ambient  

temperature.  

𝑘𝑃𝐶
𝛿𝑃𝐶

(𝑇𝑠 − 𝑇𝑎𝑚𝑏) = ℎ̅𝑖𝑛(𝑇𝑖𝑛 − 𝑇𝑠) (0 .26)  

F ina l ly,  having  a l l  the Nussel t  numbers for  external  forced  and  in ternal  f ree convect ion ,  us ing 

equat ion 0.20,  the convect ion heat  t ransfer  coef f i c ients  were obta ined and  fur ther  the overa l l  

heat  t ransfer  coef f ic ient s ,  𝑈𝑖𝑛−𝑎𝑚𝑏
𝑘  by equat ion 0.19 .  

For  the  ground so i l  losses,  the  inner  convect ion  term was ca lcu lated  by equat ion  0.27,  

appropr ia te for  the case of  f ree convect ion wi th  upper hot  f low on a  co ld sur face f rom 

Bergman et  a l . ,  2011 .  

𝑁𝑢̅̅ ̅̅ 𝑠𝑜𝑖𝑙 = 0.52𝑅𝑎𝑠𝑜𝑖𝑙  
1/5 (0 .27)  

As s tated by Bergman et  a l . ,  2011 ,  a  g iven  sur face at  constant  temperature,  𝑇𝑠,  or  wi th  

induced heat  f lux nearby a b ig  enough bulk  reg ion wi th  d i f ferent  temperature,  𝑇∞,  wi l l  c reate  

a thermal  res is tance that  can be ca lcu lated by a t rans ient  semi - in f in i te  conduct ion  approach,  

where a temperature  gradient  wi l l  be c reated a long the d is tance f rom the sur face unt i l  the  

point  a t  which no more heat  propagat ion  is  poss ib le  (Cui  e t  a l . ,  2011;  Lavine & Bergman,  

2008;  Povstenko,  2015) .  

Given the  low so i l  thermal  d i f fus iv i t y and  temperature  var ia t ions,  as suggested by Bergman 

et  a l . ,  2011,  a  t rans ient  conduct ion model  was u sed,  assuming that  the so i l  wi l l  behave as a 

semi- in f in i te  bu lk  reg ion ,  thus crea t ing a  temperature gradient  tending t o  i ts  nearby sur face  

temperature a long  t ime,  as seen in  F igure 2 -16.  
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Figure 2-16 Thermal  penetrat ion on a  co ld semi - in f in i te  reg ion wi th  a hot  sur face nearby  

As shown in  equat ion 0.19,  the conduct ion thermal  res is tance is  obta ined  by the rat io  o f  the  

thermal  conduct i v i t y,  𝑘,  o f  a  mater ia l  by  i ts  th ickness,  𝛿.  F rom Pagola,  Jensen,  Madsen,  &  

Poulsen,  2017 some phys ica l  propert ies  of  t he so i l  o f  western Denmark were determined,  so  

the average thermal  conduct iv i t y o f  the so i l ,  𝑘𝑠𝑜𝑖𝑙,  a t  satura ted condi t ions was cons idered as  

2.75 𝑊/𝑚𝐾 and a thermal  d i f fus iv i t y ,𝛼𝑠𝑜𝑖𝑙 o f  0.96 𝑚𝑚2/𝑠.  

The equat ion 0.28  fo r  a  semi - in f in i te  bu lk  mater ia l  wi th  assumed co nstant  sur face  

temperature,  is  depending on the  sur face  and so i l  temperatu res,  d is tance f rom the  sur face,  

𝛿𝑠𝑜𝑖𝑙 , t ime,𝑡,  and thermal  d i f fus iv i t y ,  𝛼𝑠𝑜𝑖𝑙.  

𝑇(𝑥, 𝑡) − 𝑇𝑠
𝑇𝑠𝑜𝑖𝑙 − 𝑇𝑠

= erf (
𝛿𝑠𝑜𝑖𝑙

2√𝛼𝑠𝑜𝑖𝑙𝑡
) , where t = 3600 ∙ h (0 .28)  

As Bergman et  a l . ,  2011;  Lavine & Bergman,  2008  suggest ,  there are l imi ta t ions for  the  

thermal  propagat ion  on a bu lk  dependent  on i ts  phys ica l  and thermal  character is t ics ,  so the  

thermal  penetrat ion dep th,  𝛿𝑝,  was suggested to  be  used as a barr ier  a t  the locat ion 𝑥,  when 

𝑇−𝑇𝑠

𝑇𝑠𝑜𝑖𝑙−𝑇𝑠
= 0.9,  where th is  las t  condi t ion s tates that  when the  var ia t ion between 𝑇(𝑥, 𝑡) and 𝑇𝑠𝑜𝑖𝑙 

reach 90%,  i t  can be assumed that  there  is  no more  poss ib le  thermal  penetrat ion the more  

that  the d is tance increases ,  thus l imi t ing equat ion 0.28 by equat ion 0 .29.  
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𝛿𝑝 = 2.3√𝛼𝑠𝑜𝑖𝑙𝑡 (0 .29)  

The  purpose  of  us ing the t rans ient  approach  was to  understand the p roper  d is tance,  𝛿𝑠𝑜𝑖𝑙,  

dependent  on the thermal  d i f fus ion induced in  the so i l ,  so equat ion 0.28 was set  in to  a loop  

for  each t ime s tep,  where d i f ferent  va lues of  𝛿𝑠𝑜𝑖𝑙 were i terated  unt i l  the va lue of  𝑇(𝑥, 𝑡) would  

reach a va lue  c lose enough to  𝑇𝑠𝑜𝑖𝑙,  bear ing in  mind the l imi ta t ion  imposed by  equat ion 0 .29.  

Once the d is tance  𝛿𝑠𝑜𝑖𝑙 was  reached,  i t  was  poss ib le  to  determine the conduct ion the rmal  

res is tance and therea f te r  the overa l l  heat  t ransfer  coef f ic ient ,  𝑈𝑖𝑛−𝑠𝑜𝑖𝑙.  

In  Table 2 -7 can be seen the average year ly U -value for  each of  the sur faces,  sho wing the  

polycarbonate wal ls  had  a lmost  ident ica l  ones and wi th  a very smal l  hea t  t ransfers  between 

in ter ior  and the so i l ,  thus demonstrat ing that  the temperature gradient  created on the so i l  

f rom the greenhouse  acted as thermal  barr ier ,  thus yie ld ing a  huge impact  on the  heat  loss  

ca lcu lat ions.  

Table 2-7 Average year ly  overa l l  heat  t ransfer  coef f ic ient  for  each of  the greenhouse 's  

barr iers  

𝑼̅𝒊𝒏−𝒂𝒎𝒃𝑵𝑺 𝑼̅𝒊𝒏−𝒂𝒎𝒃𝑬𝑾 𝑼̅𝒊𝒏−𝒂𝒎𝒃𝒄𝒐𝒗𝒆𝒓 𝑼̅𝒊𝒏−𝒔𝒐𝒊𝒍 

𝑾/𝒎𝟐𝑲 

𝟏. 𝟐𝟖 1.28 1.23 0.03 

 

F ina l ly,  the ca lcu lat ion of  the greenhouse ’s  losses was done via  equat ion 0.16,  where i ts  

va lues ’  var iab i l i t y through t ime can be seen in  F igure 2-17.  

 

Figure 2-17 Overa l l  heat  losses of  the greenhouse uni t  

From Figure 2 -17,  i t  can be seen that  the heat  losses are much larger  dur ing winter  t ime due  

to  temperature d i f ference between surroundings and in ter ior ,  whether  dur ing some summer 
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hours ,  the losses were very low and a t  t imes complete ly nu l l  (Mahmood Farzaneh-Gord e t  

a l . ,  2013) .  

Last ly,  the year -wise heat  losses shown a negat ive impact  o f  about  255 𝑀𝑊ℎ on the 

greenhouse.  

 

 Greenhouse Venti la t ion  

Plant  growth  is  subjected to  cont ro l  o f  a i r  qual i t y ,  i .e .  𝐶𝑂2 and 𝑂2 concentrat ions  and re la t ive  

humid i ty (Monte i th  & Unsworth,  2013) .  Due to  th is  fac t ,  there is  a  consequent  demand for  a i r  

recyc l ing f rom t ime to  t ime (ASAE, 1998) .  The appropr ia te a i r  renova t ions suggested by Von 

Zabel t i tz ,  2011 for  co lder  reg ions can be assumed of  up to  18 𝑚3/ℎ𝑚2 o f  ground area.  For  th is  

s tudy,  i t  was assumed,  𝑁𝑟𝑒𝑛𝑜𝑣 = 3ℎ
−1,  so 9.25 𝑚3/ℎ𝑚2.  

Knowing the number of  renovat ions,  by equat ion 0.30,  the heat  f luxes induced by a i r  

renova t ions were  ca lcu lated,  where  subscr ip ts  𝑣𝑒𝑛𝑡, 𝑟𝑒𝑛𝑜𝑣, 𝑎𝑖𝑟 and  𝐺𝐻 are vent i la t ion,  

renova t ions,  a i r  and  greenhouse,  respect i ve ly .  

𝑄̇𝑣𝑒𝑛𝑡 =
𝑁𝑟𝑒𝑛𝑜𝑣𝑉𝐺𝐻𝜌𝑎𝑖𝑟𝑐𝑝𝑎𝑖𝑟(𝑇𝐺𝐻 − 𝑇𝑎𝑚𝑏)

3600
 (0 .30)  

From Figure 2-18,  i t  is  shown the hea t  f luxes f rom vent i la t ion induced on the greenhouse.  

Meaning that  over  a  year,  the vent i la t ion,  even though i t  is  necessary i t  accounts  for  a  

negat ive thermal  input  on the greenhouse.  

 

Figure 2-18 Heat  f luxes induced on the greenhouse f rom vent i la t ion  

The negat i ve thermal  impact  f rom vent i la t ion  reported 511 𝑀𝑊ℎ o f  heat  los t  to  the exte r ior  

over  a  year ,  reaching a lmost  twice  the demand f rom heat  losses.  
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 Interna l  Energy  

In  order  to  mainta in  a contro l led microc l ima te in  the  greenhouse due to  vent i la t ion,  hea t  

losses and crop  heat  absorpt ion,  there wi l l  be cer ta in  hours  in  which the so lar  energy  wi l l  

not  be suf f ic ient  and  so an external  power source is  requi red ,  which is  where the  purpose  o f  

th is  s tudy l ies  (Hat i r l i  e t  a l . ,  2006) .  

Given the parameters   𝑄̇𝑙𝑜𝑠𝑠, 𝑄̇𝑣𝑒𝑛𝑡 and  𝑄̇𝑠𝑜𝑙𝑎𝑟 were p revious ly determined ,  f rom equat ion 0.4 

the remain ing heat  demand of  the greenhouse,  𝑄̇𝑔𝑟𝑒𝑒𝑛,  was obta ined and p lo t ted in  F igure 

2-19.  

 

Figure 2-19 Heat  demand of  the greenhouse  

From Figure 2-19 can be seen that  the so lar  energy p rovided was not  suf f ic ient  for  cer ta in  

t imes,  in  fac t  for  65.7% of  the year,  espec ia l l y dur ing the winter  per iod.  

Af ter  ca lcu lat ions,  roughly  591 𝑀𝑊ℎ o f  energy were  needed to  mainta in  the in ter ior  

temperature  wi th in  the  set  bounds .  Us ing heat  exchangers  on the  greenhouse,  the  demand 

of  heat  was set  to  be provided f rom the s torage uni t  and when the s to rage could not  reach  

to ta l  demand an auxi l ia ry source  f rom the d is t r ic t  heat ing (DH) was in t roduced .  For  th is ,  

us ing equat ion 0.31,  the heat  demand was se t  equal  to  the sum of  the p i t ’s  incoming 

f luxes,  𝑄̇𝑑𝑖𝑠𝑐ℎ,  and the auxi l ia ry,  𝑄̇𝑎𝑢𝑥,  when requi red.  

𝑄̇𝑔𝑟𝑒𝑒𝑛 = 𝑄̇𝑑𝑖𝑠𝑐ℎ + 𝑄̇𝑎𝑢𝑥 (0 .31)  

As i t  is  normal  in  heat  exchangers,  the  temperature between power  source and co ld  f lu id  do  

not  meet  and so,  as seen a lso in  F igure 2-20 ,  a  p inch temperature var ia t ion was set  as  

Δ𝑇𝑝𝑖𝑛𝑐ℎ = 5 ℃,  i .e .  the  min imum temperature  d i f ference  between co ld and  warm f lows  (Smi th,  

2005).  
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Figure 2-20 Tempera ture  evolut ion on co ld and hot  s t reams on a  counter - f low heat  exchanger  

Using the s torage uni t  and auxi l iary DH, the heat  demand of  the uni t  was coped and the  

temperature cont ro l  was  reached.  

 

2.2 U-PIPE EVACTUATED SOLAR COLLECTOR MODELLING 

Using so lar  energy for  thermal  heat ing is  a  known technology wi th  h igh va lues of  usefu lness  

wi th  great  focus in  heat ing of  bu i ld ings,  l ike d is t r ic t  heat ing  (Gordon,  2013) .  But  in  fac t ,  so lar  

co l lec tors  a lso take p lace in  industr ies  l ike in  combined heat  and power (CHP) p lants  (Vl ie t ,  

2000) and  many others  l i ke  greenhouses ,  where  coupled  wi th  s torage  uni ts ,  the g reenhouse’s  

microc l imate can be  contro l led  (Mehrpooya et  a l . ,  2015;  Semple et  a l . ,  2017;  Tak i  e t  a l . ,  

2018).  

The  model l ing procedure of  the  so lar  co l lec to rs  was done via  an energy analys is  loop,  

dependent  on the  proper t ies  of  the  incoming f low f rom the seasonal  heat  s torage ,  the weather  

condi t ions and the character is t ics  of  the co l lec tor ’ s  mater ia ls .  L ike  i t  is  shown in  F igure  2-21  

the purpose of  a  co l lec to r  is  to  absorb the incoming so lar  i r rad iat ion and t ransmi t  i t  to  a  f lu id  

medium as form of  heat ,  to  fur ther  s tore  g iven the so lar  i r rad iat ion ’s  in te rmi t tency (Gordon,  

2013).  The  subscr ip ts  𝐸𝑇𝐶, 𝑖𝑛 and 𝑜𝑢𝑡 are in  respect  to  so lar  co l lec tor  f ie ld ,  incoming f lu id  

and out le t  f lu id ,  respect i ve ly.   
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Figure 2-21 Demonstrat ion of  the ETC-PTES cyc le  

Given the  co l lec tor ’s  character is t ics  shown in  chapter  1 .4 ,  in  order  to  fac i l i ta te  the  analys is ,  

the U-tube was t ransfo rmed in to a s ing le longi tud ina l  p ipe,  as seen in  F igure 2-22,  as was  

suggested by Gu,  Neal ,  & Dennis ,  1998 ,  us ing equat ion 0.32,  where 𝐷𝑡 is  the rea l  d iameter  

o f  the tube,  𝑙 the spac ing between the tube ends and subscr ip ts  𝑡 and 𝑒𝑞 are tube and  

equiva lent ,  respect i ve ly .   

 

Figure 2 -22 U-shaped p ipe evacuated  
co l lec tor  character is t i cs  ( top)  and  
UpETC's  equiva len t  s ing le p ipe (bot tom)  

𝐷𝑡𝑒𝑞 = √2𝐷𝑡𝑙 (0 .32)  

 

Throughout  the whole s tudy i t  was recognized  the in termi t tency o f  so lar  i r rad iat ion ,  so the 

a im was to  achieve  the h igher so lar  coverage by the co l lec tor ’s  f ie ld .  In  the other  hand,  due  

to  degrading purposes of  the STES f i lm l iner ,  the maximum ETC temperatu re was set  as 85℃.  

Given th is  two facts ,  there was a  rea l i zat ion  that  i f  the medium’s  f low rate could be  var iant ,  

i t  would be  poss ib le  to  achieve h igher  energy yie lds  (Shaf ie ian e t  a l . ,  2019) .  
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In  order  to  understand the ef fect  o f  the  spec i f ic  heat  var ia t ion in  respect  to  temperature,  the 

min imum and maximum 𝑐𝑝 o f  wate r  in  a  temperature in te rva l  o f  [10: 85] ℃,  obta ined f rom 

ASHRAE, 2017 ,  were  d iv ided and  i t  has shown that  the  medium’s spec i f ic  heat  vary  less than  

5% in  a 55 ℃ temperature in terva l .  Having th is  in to  account ,  in  the f lu id ’s  heat  ba lance  

equat ion,  shown in  F igure 2-23,  i f  i t  is  assumed a constant  in le t  tempera ture and assuming 

that  the var ia t ion of  the  spec i f ic  heat  is  deniab le,  one can say that  the out le t  temperature  

and f low rate,  a re inverse ly cor re la ted .  

 

Figure 2-23 Inverse re la t ion between f low rate and the out le t  temperature of  ETC  

Being 𝑇𝑓,𝑜𝑢𝑡 and 𝑚̇ inverse ly dependent ,  then  in  h igh  i r rad iat ive  days  that  the co l lec tors  may  

surpass the maximum imposed medium’s temperature ,  i t  should be  poss ib le  to  achieve 

a lmost  the  same energy yie ld  by increas ing the f low rate .  In  the case o f  low in le t  temp erature  

and low i r rad iat ion,  i f  𝑚̇ is  low,  then the out le t  temperature can be increased,  thus provid ing  

bet ter  tempera ture qual i ty to  the s torage  uni t .  Once set t ing the var iab le f low ra te as  

t rans ient ,  an  i te rat i ve process of  var ious f low rate bounds was conducted  in  order  to  achieve  

the h igher ef f ic iency,  reaching the operat ing  range  of  𝑚̇𝑓 ∈ [0.001: 0.020] 𝑘𝑔/𝑠.  

As demonstrated in  F igure 2-24,  the var ia t ion of  the f low ra te worked p roper ly,  where dur ing  

the warmer  per iod  i t  was increased and decreased dur ing  the  co lder  per iod thus  yie ld ing a  

h igher percentage  of  absorbed so lar  rad ia t ion (Badar et  a l . ,  2012;  Naik  et  a l . ,  2016) .  

 

Figure 2-24 Solar  co l lec tor 's  mass f low rate var ia t ion  

 

 UpETC Energy Balance  

The energy analys is  for  the evacuated so lar  co l lec tors ’  f ie ld  was done based on equat ions  

0.33 and 0.34 ,  as has been done  by Yan Gao,  Zhang,  Fan,  L in ,  &  Yu,  2013;  L i  e t  a l . ,  2010 ;  

Mishra,  Garg,  &  Tiwar i ,  2015;  Shaf ie ian  et  a l . ,  2019 ,  where the use fu l  so lar  energy captu red  

by the co l lec tor ,  𝑄̇𝐸𝑇𝐶  ,  depends on the inc ident  so lar  i r rad iat ion,  𝐼(𝜏𝑔𝛼𝑝)𝐴𝑝,  and i ts  losses 

𝑈𝑙𝑜𝑠𝑠𝐴𝑝(𝑇𝑝 − 𝑇𝑎𝑚𝑏).  At  the same t ime the potent ia l  c reated by the ETC can be ca lcu lated in  two  

ways:  in  the le f t  s ide of  equat ion 0.34,  by the medium’s absorbed heat ,  dependent  on the 
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f lu id  mass f low ra te,  𝑚̇𝑓,  i t s  spec i f ic  heat ,  𝑐𝑝,  and d i f ference between out le t  and in le t  f lu id  

temperature,  (𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) and on the r ight  s ide,  by the t ransmi t ted heat  f rom the absorb ing 

f in  p la te  to  the f lu id  med ium, dependent  on the ETC ef f ic iency factor ,  𝐹’,  the convect ion heat  

t ransfer  coef f ic ient  between the p la te and f lu id ,  ℎ𝑝𝑓,  and temperature d i f ference between f in  

p la te and f lu id  in le t ,  (𝑇𝑝 − 𝑇𝑓,𝑖𝑛).   

𝑄̇𝐸𝑇𝐶 = 𝐼(𝜏𝑔𝛼𝑝)𝐴𝑝 − 𝑈𝑙𝑜𝑠𝑠𝐴𝑝(𝑇𝑝 − 𝑇𝑎𝑚𝑏) (0 .33)  

𝑄̇𝐸𝑇𝐶 = 𝑚̇𝑓𝑐𝑝(Tf,out − Tf,in) = 𝐹
′ℎ𝑝𝑓 (𝑇𝑝 − 𝑇𝑓,𝑖𝑛) (0 .34)  

The subscr ip ts  𝐸𝑇𝐶,   𝑔, 𝑝, 𝑙𝑜𝑠𝑠, 𝑎𝑚𝑏 and 𝑝𝑓 o f  the above equat ions s tand for  un i t  so lar  co l lec to r ,  

g lass,  p la te,  losses,  ambient  and f rom p la te to  f l u id ,  respect i ve ly .  

The system of  equat ions  used to  reach  the energy ba lance in  th is  s tudy requi red an in i t ia l  

guess and some assumpt ions ,  as to  turn ing i t  feas ib le  mathemat ica l ly  and computat ional l y .  

The assumpt ions taken are as fo l low:  

-  Maximum out le t  tempera ture of  85℃ (degradat ion respects  to  s torage’s  f i lm l i ner )  

-  Prevenient  temperatu re f rom lowest  end  of  s torage equal  to  ETC in le t  temperature  as  

seen in  F igure 2 -21.  

-  Constant  f in -p la te temperature  a long i ts  length  

-  Mass f low rate operat ing  range of  [0.001: 0.020] 𝑘𝑔/𝑠 

-  South t i l ted so la r  co l lec tors  wi th  no  shadow ef fect  f rom the nearby co l lec tors  

-  Equal  inner  and  outer  g lass temperatures  

-  Negl ig ib le  d i r t  and dust  

-  Negl ig ib le  mani fo ld  header heat  losses  

Decided the  constra in ts  and assumpt ions ,  an  i terat ive  process was created in  loop  for  every  

g iven hour to  dete rmine a l l  requi red outpu ts  as seen in  F igure 2-25 .  The i terat ions were done 

for  an 𝑖𝑡ℎ number of  t imes unt i l  the convergence  cr i ter ia  was reached in  respect  to  the  

var iab le of  the f in  p la te ’s  temperature,  𝑇𝑝.  Once the convergence was achieved,  ano ther  

i terat i ve process would be run  for  every 𝑗𝑡ℎ va lue o f  the medium’s mass f low rate and f ina l l y  

analys ing the number  of  𝑗 out le t  temperatures,  𝑇𝑓,𝑜𝑢𝑡,  i t s  maximum value  would  be chosen and 

so the opt imal  f low rate and consequent ly  every other  outputs  would be set .  
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Figure 2-25 Model l ing  method of  the so la r  co l lec tor  f ie ld  

 

 Effect ive I rradia t ion  

The ef fect i ve so lar  i r rad iat ion is  the parce l  o f  avai lab le so la r  energy that  is  avai lab le to  

provide  heat  to  the pass ing medium. I t  is  dependent  on the  apertu re  area of  the so lar  

co l lec tor  f ie ld ,  t i l ted  g lobal  so lar  i r rad iat ion,  t ransmiss iv i ty  o f  the  g lass and absorpt i v i t y  o f  

the f in  (Vl ie t ,  2000) .  So ,  the  thermal  characte r i s t ics  of  t ransmi t te r  and  absorber mater ia ls  

wi l l  a f fec t  h igh ly the ef f ic iency  of  a  so lar  co l lec tor  (Y.  Gao et  a l . ,  2014;  Sabiha,  Saidur ,  

Mekhi le f ,  & Mahian,  2015) .  

Simi lar ly  to  the ca lcu lat ions of  the  greenhouse ’s  incoming rad iat ion  on  each sur face,  the  

provided  year -wise  energy is  dependent  on  i ts  so lar  and  sur face  angl es.  In  th is  case,  f rom 

the dataset ,  a  previous  s tudy was  done in  respect  to  a ser ies  of  t i l ted angles,  𝛽,  wi th  a  

sur face azimuth angle,  𝑎𝑤 = 0°,  i .e .  fac ing south ,  as suggested for  f i xed  so lar  co l lec tors  by 

Gordon,  2013;  Vl ie t ,  2000 .  

As seen in  F igure 2 -26,  the sum of  the  so lar  i r rad iat ion by uni t  area  at  the  g iven t i l ted angles  

was done and p lo t ted  and i ts  maximum was reached at  𝛽 = 45°,  so i t  was the opt imal ,  𝛽𝑜𝑝𝑡𝑖𝑚𝑎𝑙,  

used in  the s imulat ions of  the so lar  co l lec to r ’s  f i e ld .  

𝑇𝑓,𝑖𝑛 = 𝑇(𝑁)𝑇𝑝
𝑖   

𝑚̇𝑓(𝑗)

= [0,001: 0,020]  
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൝
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𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 
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Figure 2-26 Year ly  i r rad iat ion by the t i l ted  angle,  𝛽 

At every g iven hour i t  was poss ib le  to  determine the ef fect ive i r rad iat ion,  𝐼𝑒𝑓𝑓,  by means of  

equat ion 0.35,  where the  aperture area is  g iven by the area of  ha l f  a  cyl inder  o f  the f in  p la te  

which is  dependent  on  the p la te ’s  length,  𝐿𝑝,  and rad ius,  𝑟𝑝.  (Mishra et  a l . ,  2015)  

𝐼𝑒𝑓𝑓 = 𝐼 (𝜏𝑔𝛼𝑝)𝐴𝑝, 𝑤ℎ𝑒𝑟𝑒 𝐴𝑝 = 𝜋𝑟𝑝𝐿𝑝 (0 .35)  

The ef fect ive i r rad iat ion per  so lar  co l lec tor  is  shown in  F igure 2-27 ,  where there is  a  

descendent  t rend  of  avai lab i l i ty  f rom the beginning of  the charg ing  proces s as i t  approached 

winter  t ime.  

 

Figure 2-27 Ef fect ive so lar  i r rad iat ion per  so la r  co l lec tor  

In  the whole year there  were 1094 𝑘𝑊ℎ/𝑚2 ava i lab le f rom solar  i r rad iat ion and a to ta l  o f  

129.5 𝑘𝑊ℎ per  co l lec tor  o f  e f fec t i ve avai lab le so la r  i r rad iat ion.  

 

 Heat Losses  

The norm for  the determinat ion of  the heat  losses  of  each so lar  co l lec tor  was determined by 

Four ier ’s  law,  depending on the overa l l  hea t  t ransfer  coef f ic ient  to  the  surroundings,  𝑈𝑙𝑜𝑠𝑠,  

the aperture area ,  𝐴𝑝 and the temperature d i f fe rence between th e in ter io r  p la te temperature ,  

𝑇𝑝,  and surroundings temperature,  𝑇𝑎𝑚𝑏,  as  seen in  equat ion  0.36 (Mishra  et  a l . ,  2015).  
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𝑄̇𝑙𝑜𝑠𝑠 = 𝑈𝑙𝑜𝑠𝑠𝐴𝑝(𝑇𝑝 − 𝑇𝑎𝑚𝑏), 𝑤ℎ𝑒𝑟𝑒 𝐴𝑝 = 2𝜋𝑟𝑝𝐿𝑝 (0 .36)  

Given that  the ambient  temperature is  known f rom data,  the depending var iab les wi l l  be the 

U-value and the p la te ’s  temperature.  

The  process used fo r  the ca lcu lat ions of  the  heat  t ransfe r  coef f ic ient  was analogue to  the  

one used for  the  greenhouse,  depending  on  the  thermal  res is tances present  in  the  s t ructu re  

of  the UpETC. For  th is ,  i t  was set  the external  thermal  res is tance between the ambient  to  

the g lass ,𝑅𝑔−𝑎𝑚𝑏,  and the rad ia t ion res is tance between the p la te and g lass,  𝑅𝑝−𝑔,  as  shown in  

equat ion 0.37.  Denot ing  that  no  conduct ion  res is tance was  cons idered in  the g lass due to  

i ts  low thermal  conduct i v i t y and th ickness  (2𝑚𝑚)  as  done by Y.  Gao et  a l . ,  2014 and no  

conduct ion or  convect ion res is tances were assumed in  the bulk  vacuum  region,  g iven  that  

for  low work ing temperatures (< 80 ℃)  the vacuum deter iorat ion does not  a f fect  s ign i f icant l y  

in  heat  loss  ca lcu lat ions ,  as was demonstra ted by Y.  Gao et  a l . ,  2014;  Saik ia  et  a l . ,  2019;  

Trushevsk i i ,  2007 .  

1

𝑈𝑙𝑜𝑠𝑠
= 𝑅𝑔−𝑎𝑚𝑏 + 𝑅𝑝−𝑔, 𝑤ℎ𝑒𝑟𝑒 𝑅𝑔−𝑎𝑚𝑏 =

1

1/ℎ𝑐𝑜𝑛𝑣,𝑔−𝑎𝑚𝑏 + 1/ℎ𝑟𝑎𝑑,𝑔−𝑎𝑚𝑏
  (0 .37)  

From Bergman et  a l . ,  2011 ,  the corre la t ion  fo r  the convect ion coef f ic ien t  was  obta ined,  fo r  

a  case l ike the one shown in  F igure 2 -28,  where i t  was  assumed  an external  f low pass ing  

through a  cyl indr ica l  mater ia l  wi th  constant  sur face temperature  a long  i ts  length and  for  any 

g iven range of  Reynolds  number,  so  the Nussel t  number was set ,  as  seen in  equat ion 0.38 .  

 

Figure 2-28 Demonstrat ion of  concentr ic  tube a t tacked by the surrounding ’s  f low at  𝑇𝑎𝑚𝑏 and  

𝑣𝑎𝑚𝑏,  cons ider ing constant  g lass tempera ture ,  𝑇𝑔,  a long  i ts  h ight  

Denot ing tha t  the subsc r ip t  𝐷 accounts  for  the length used in  ca lcu lat ions as the g lasse ’s  

d iameter .  
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𝑤ℎ𝑒𝑟𝑒, 𝑅𝑒𝐷 =
𝜌𝑎𝑖𝑟𝑣𝑎𝑚𝑏𝐷𝑔

𝜇𝑎𝑖𝑟
 

(0 .38)  

Having  the Nussel t  number,  i t  is  then  poss ib le  to  determi ne the convect ion coef f ic ient  

between g lass and ambient ,  as  seen in  equat ion  0.39.  

ℎ𝑐𝑜𝑛𝑣,𝑔−𝑎𝑚𝑏 =
𝑁𝑢𝐷𝑘𝑎𝑖𝑟
𝐷𝑔

 (0 .39)  

The cor re la t ions used fo r  the rad iat ion thermal  res is tance s were  ob ta ined f rom Bergman et  

a l . ,  2011,  where in  the case of  rad iat ion loss f rom  the g lass to  ambient  was set  assuming a  

smal l  ob ject  in  a  very large cavi ty,  as  demonstrated in  equat ion 0.40.  Given the much larger  

area of  the  ambient  sur roundings than  of  the  co l lec tor ,  i t  can  be assumed an a rea rat io ,  

𝐴𝑔/𝐴𝑎𝑚𝑏,  o f  zero and a view factor  o f  1 .  

ℎ𝑟𝑎𝑑,𝑔−𝑎𝑚𝑏 = 𝜎𝜀𝑔(𝑇𝑔
2 + 𝑇𝑎𝑚𝑏

2 )(𝑇𝑔 + 𝑇𝑎𝑚𝑏) (0 .40)  

For  the rad iat ion thermal  res is tance f rom the p la te to  the g lass ,  two concentr ic  cyl inders  

were assumed,  as seen in  equat ion  0.41,  dependent  on the Stefan -Bol tzmann constant ,  𝜎 =

5.67𝑒 − 8 𝑊/𝑚2𝐾4,  emiss iv i t y,  𝜀,  rad ius,  𝑟 and temperature  of  both g lass ,  𝑇𝑔,  and p la te ,  𝑇𝑝.  

𝑅𝑝−𝑔 =

1
𝜀𝑝
+
1 − 𝜀𝑔
𝜀𝑔

(
𝑟𝑝
𝑟𝑔
)

𝜎(𝑇𝑝
2 + 𝑇𝑔

2)(𝑇𝑝 + 𝑇𝑔)
 

(0 .41)  

As shown in  F igure  2-29,  for  concent r ic  p ipes,  the corre la t ion  used was dependent  on the  

equal i ty  between the rat io  o f  both  p ipe s ’  areas and rad ius,  which was achieve d,  s ince the  

lengths of  the tube and  g lass were  cons idered  equal  and g iven  that  they a re para l le l ,  the  

view factor ,  𝐹𝑝−𝑔 o f  one (Kumar & Rosen,  2011;  Naik  et  a l . ,  2016)  .  
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Figure 2 -29 Representa t ion of  concentr ic  p ipe ,  v iew facto r  and re la t ion between inner  and  
outer  p ipe area and rad ius  

The main problem wi th  equat ion 0.41 is  that  the g lass temperature is  not  known,  so for  th is ,  

corre la t ion   seen in  equat ion 0.42,  was used to  est imate the g lass temperature  as suggested  

by Akhtar  &  Mul l ick ,  1999;  Mahboub & Moummi,  2012 .  

𝑇𝑔 = 𝑇𝑎𝑚𝑏 + ℎ𝑐𝑜𝑛𝑣,𝑔−𝑎𝑚𝑏
−0.42 (0.66336 𝜀𝑝 − 0.6547 +

𝑇𝑝

346
− 1.16 𝑒−0.072(𝑇𝑝−𝑇𝑎𝑚𝑏))  (0 .42)  

Having  the  appropr ia te  g lass temperature  and  p la t e tempera ture ,  the  rad iat ion res is tance  

was determined  and thus,  by equat ion 0.37,  the  overa l l  heat  t ransfe r  coef f ic ient  was  set .  

W ith  the U-value ,  p la te ’s  temperature,  ambient  temperature and area o f  co l lec tor  the energy 

losses were obta ined by equat ion 0.36.  

As suggested by Badar et  a l . ,  2012,  in  F igure 2-30 can be seen that  as inner  temperatures  

were h igher and mass f low rates dec reased,  shown in  F igure 2 -24,  the  hea t  losses increased 

great ly .   

 

Figure 2-30 Average co l lec tor ’s  heat  losses to  ambient  surroundings  

In  the end,  each co l lec to r  los t  an average  year ly 37.3 𝑘𝑊ℎ o f  heat  to  ambient  surroundings .   

 

 Useful  Energy  

In  order  to  determine the usefu l  energy,  one  can s imply subt ract  the  heat  losses to  the  

ef fect ive  i r rad iat ion  as demonstrated in  equat ion  0.33,  but  the medium’s out le t  temperature  

i t  i s  s t i l l  unknown and  another  equat ion is  requi red to  obta in  the  new value of  the  p la te ’s  

temperature,  in  order  to  check for  convergence .  For  th is ,  in i t ia l ly ,  f rom the le f t  s ide of 
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equat ion 0.34,  the out le t  temperature is  de termined as funct ion of  the  in le t  temperature , 𝑇𝑓,𝑖𝑛,  

spec i f ic  heat ,  𝑐𝑝,  f low rate ,  𝑚̇𝑓,  and usefu l  energy,  𝑄̇𝐸𝑇𝐶.  

F ina l ly,  f rom the r ight  s ide of  equat ion 0.34,  the new p late temperatu re can be found as 

funct ion of  the co l lec tor ’ s  e f f ic iency factor ,  𝐹′,  the tube ’s  area,  𝐴𝑡,  convect ion heat  t ransfe r  

f rom absorber f in  to  f l u id ,  ℎ𝑝𝑓,  the in le t  tempera ture ,  𝑇𝑓,𝑖𝑛 and usefu l  energy,  𝑄̇𝐸𝑇𝐶.  The  

determinat ion of  the  convect ion t ransfer  coef f ic ient  was done based on  heat  ba lance  and  

Newton’s  cool ing  law as seen in  equat ion 0.43 ,  that  s ta tes that  the heat  f l ux t ransferred  f rom 

the hot  p la te ,  a t  constan t  temperature,  and the medium is  equal  to  the heat  f lux be tween the  

in le t  and  out le t  o f  the f lu id  and so  the  temperatu re var ia t ion  between the t ransferr ing  sur face  

and the medium decreases exponent ia l l y a long the length of  the tube as shown in  F igure  

2-31 (Bergman et  a l . ,  2011).  

 

Figure 2-31 Representat ion of  temperatu re evolu t ion a long a p ipe wi th  f lowing co ld medium  

 

ℎ𝑝𝑓 =
(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛)𝑚̇f cp

Δ𝑇𝑙𝑛𝐴𝑡 
  𝑤ℎ𝑒𝑟𝑒: (0 .43)  

𝐴𝑡 = 2𝜋𝑟𝑡𝐿𝑡 

 Δ𝑇𝑙𝑛 =
(𝑇𝑓,𝑖𝑛 − 𝑇𝑓,𝑜𝑢𝑡)

ln (
𝑇𝑝 − 𝑇𝑓,𝑜𝑢𝑡
𝑇𝑝 − 𝑇𝑓,𝑖𝑛

)

 
 

Having  the convect ion  heat  t ransfe r  i t  is  poss ib le  to  dete rmine the new p late ’s  temperatu re  

and check i f  the convergence cr i ter ia  has been met ,  as  was dete rmined in  the model l ing in  

F igure 2-25.  F ina l ly ,  the outputs  are set  and the model l in g of  the next  so lar  co l lec tor  in  
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ser ies ,  wi th  in le t  character is t ics  equal  to  the  out le t  o f  the p revious one  wi l l  be done  (Mishra  

et  a l . ,  2015) .  

 

 Number of  UpETC in  series  and paral le l  

Both temperatu re r ise and power requi rement  wi l l  o f ten d ic ta te the necessary amoun t  o f  so lar  

co l lec tors  in  ser ies  (Vl ie t ,  2000) .  The way tha t  the co l lec to rs  a re connected is  shown in  

F igure 2-32,  where  for  a  number of  𝑖 ∈ [1:𝑁] co l lec tors ,  the incoming cool  f l u id  f rom the STES 

wi l l  ac t  as the in le t  o f  the f i rs t  co l lec tor  and i ts  out le t  temperature  equal  to  the in le t 

temperature of  the second one ,  assuming no heat  losses in  the connect ions  (Zelzoul i  e t  a l . ,  

2012).  Th is  process  wi l l  be done unt i l  the 𝑁𝑡ℎ co l lec tor  in  ser ies ,  where i ts  ou t le t  temperature  

wi l l  be the one in jected in to the p i t .  

 

Figure 2-32 Array of  UpETC connected wi th  N number o f  ser ies   

As demonstrated in  the end of  sect ion 0 ,  an analys is  was conducted to  understand t he best  

thermal  and  economical  behaviour ,  reaching the  conc lus ion that  the system worked  best  wi th  

𝑁 = 20 co l lec tors  in  ser ies .  

The  re la t ion  between ser ies and para l le l  is  demonstrated in  F igure  2-33,  where an  incoming  

f low at  in i t ia l  tempera tu re,  𝑇𝑓,𝑖𝑛,  and f low rate,  𝑚̇𝐸𝑇𝐶,  is  d iv ided in to the 𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 number of  

groups of  ser ies  wi th  f low rate o f  𝑚̇𝑓 and  reaching  the  end o f  each  ser ies wi th  an  out le t  

temperature of  𝑇𝑓,𝑜𝑢𝑡.  The groups of  ser ies  wi l l  f i na l l y connect  wi th  a  temperature of  𝑇𝑓,𝑜𝑢𝑡 and 

mass f low rate equal  to  the sum of  the f low rate s  of  each ser ies  (Jamshid ian et  a l . ,  2018) .  

𝑇𝑓,𝑖𝑛 = 𝑇𝑓,𝑖𝑛
1  𝑇𝑓,𝑜𝑢𝑡

𝑁−1 = 𝑇𝑓,𝑖𝑛
𝑁  𝑇𝑓,𝑜𝑢𝑡

1 = 𝑇𝑓,𝑖𝑛
2  𝑇𝑓,𝑜𝑢𝑡

𝑖 = 𝑇𝑓,𝑖𝑛
𝑖+1 

1𝑠𝑡 2𝑛𝑑 𝑖𝑡ℎ 𝑁𝑡ℎ − 1 … 

𝑇𝑓,𝑜𝑢𝑡
𝑖−1 = 𝑇𝑓,𝑖𝑛

𝑖  

𝑁𝑡ℎ 

𝑇𝑓,𝑜𝑢𝑡 = 𝑇𝑓,𝑜𝑢𝑡
𝑁  

… 
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Figure 2-33 Representat ion of  a  co l lec tor  f ie ld  w i th  N number of  co l lec to rs  in  ser ies  and N 
number of  g roups of  ser ies  in  para l le l  and the i r  re la t ions wi th  temperature and mass f low 
rate  

The number of  para l le l  groups of  ser ies  can be  set  by the rat io  between the to ta l  aperture  

area and the  product  o f  the aperture area o f  a  s ing le  co l lec tor  and the  number of  co l lec tors  

in  ser ies  as shown in  equat ion 0.44.   

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝐴𝐸𝑇𝐶

𝐴𝑝𝑁𝑠𝑒𝑟𝑖𝑒𝑠
, 𝑤ℎ𝑒𝑟𝑒  𝑁𝑠𝑒𝑟𝑖𝑒𝑠 = 20 𝑎𝑛𝑑 𝐴𝑝 = 𝜋𝑟𝑝𝐿𝑝 (0 .44)  

 

The  conf igurat ion  of  the  UpETC f ie ld  had a  to ta l  aperture  area o f  co l lec t ion of  3000 m2,  wi th  

1128 para l le l  groups o f  20 s ing le co l lec tors  in  ser ies .  

 

 ETC Eff ic iency  

Having set  a l l  pa rameters  and thermodynamic re la t ions for  the loop shown in  F igure 2-25,  

the system of  equat ions was  genera ted fo r  a l l  hours  under  the se t  constra in ts  and condi t ions  

and f ina l ly the des i red outputs  were p rocured.  The outputs  wi th  h igher importance were the  

overa l l  usefu l  energy,  𝑄̇𝐸𝑇𝐶,  mass f low rate,  𝑚̇𝐸𝑇𝐶 and out le t  temperature,  𝑇𝑓,𝑜𝑢𝑡,  s ince they are  

the charg ing  inputs  on  the STES uni t  (Mishra  et  a l . ,  2015) .  

The overa l l  usefu l  energy was ca lcu lated s imply cons ider ing each group of  ser ies  as a 

thermal  res is tance,  where the potent ia l  c reated between in  and out  f luxes would p rovide the  

generated energy as is  shown in  equat ion 0.45.  Summing a l l  𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 groups of  co l lec tors  in 

ser ies ,  the overa l l  ETC  usefu l  energy was ob ta ined .  

𝑄̇𝐸𝑇𝐶 = ∑ 𝑚̇𝑓𝑐𝑝(𝑇𝑓,𝑜𝑢𝑡
𝑁 − 𝑇𝑓,𝑖𝑛

1 )

𝑁𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

𝑖=1

  (0 .45)  
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The  ef f ic iency of  the so lar  co l lec tor  f ie ld ,  can be  ca lcu lated  as the rat io  o f  the usefu l  energy 

by the  avai lab le so lar  i r rad iat ion on the to ta l  aperture area,  as i t  is  shown in  equat ion  0.46 .  

𝜂𝐸𝑇𝐶 =
𝑄̇𝐸𝑇𝐶
𝐼𝐴𝐸𝑇𝐶

 (0 .46)  

In  F igure 2-34 is  shown the dai ly e f f ic iency of  the  co l lec tor  f ie ld ,  where the ef f ic ienc ies were  

greater  dur ing  the  charg ing per iods  of  the  year,  g iven  the  lower tempera ture var ia t ions and  

h igher f low rates.  

 

Figure 2-34 Dai ly  e f f ic iency of  the co l lec tor  f ie ld  

Final ly,  the system managed to  harvest  541.7 𝑀𝑊ℎ o f  hea t  out  o f  the avai lab le  1618 𝑀𝑊ℎ o f  

so lar  i r rad iat ion,  thus yie ld ing an ef f ic iency of  33.5 % and having 841.9 𝑀𝑊ℎ o f  heat  losses to  

the surroundings.  

 

2.3 PIT SEASONAL THERMAL ENERGY STORAGE  

As previous ly expla ined  in  sect ion 1.3 ,  the  seasonal  s torage uni t  used  was a  p i t  s to rage,  

which cons is ts  o f  a  d r i l led hole in  the ground wi th  the  shape of  a  t runca ted pyramid turned  

ups ide down,  wi th  a po lypropylene  f i lm separat ing  the f lu id  f rom the surrounding so i l ,  an  

insu lat ion on the top  cover,  separat ing  the  f lu id  f rom the ambient  condi t ions,  and wi th  in le t  

and out le t  p ipes to / f rom the charge and  d ischarge uni ts ,  i .e .  ETC f ie ld  and greenhouse ,  

respect ive ly,  as  can  be seen in  F igure 2 -35 (Böszörményi  &  Šiváková,  2012;  Fan  et  a l . ,  2017 ;  

IEA,  2011;  John A.  Duf f ie ,  2013;  PlanEnerg i ,  2013,  2015) .  
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Figure 2-35  Representat ion of  p i t  s torage  fac i l i ty  wi th  in le t  and out le t  s t reams and  

surroundings  

As seen in  F igure 2-35,  one of  the  main  aspects  was  to  promote  s t ra t i f icat ion  g iven  that  no  

mechanic  s t ra t i f iers  were used,  so i t  was ext remely important  the proper f i t t ing of  each in le t  

and out le t .  For  th is ,  the outgoing  f lu id  to  the ETC f ie ld  was set  to  come f rom the bot tom of  

the s torage,  i .e .  the co lder  reg ion,  and the  charged f lu id  f rom the ETC would ente r  the p i t  

on the top of  the uni t  and fo l low i ts  path to  zone wi th  s imi lar  temperature/dens i ty.  Inverse ly,  

the charged  GH f low was set  to  come f rom the top most  char ged  zone o f  the p i t ,  ensur ing  

h igher qual i ty o f  provided heat ,  and the GH retu rn would enter  the p i t  f rom the bot tom and 

fade in  the reg ion  wi th  s imi lar  temperature/dens i ty (Lavan & Thompson,  1977;  Soomro ,  

Mokhtar ,  Akbar,  & Abbasi ,  2018) .  

Simulat ing s t ra t i f icat ion  has been done widely in  l i te rature and two main models  are  

commonly used:  mul t i -node and p lug f low (Cadau et  a l . ,  2019;  John A.  Duf f ie ,  2013;  Soomro  

et  a l . ,  2018) .  For  th is  s tudy,  the mul t i -node was the s t ra tegy used,  where  a s er ies  of  𝑖 ∈ [1:𝑁] 

number of  nodes were  determined wi th  equal  d is tance ,  Δ𝑥,  f rom themselves ver t ica l l y wise,  

as seen in  F igure 2-36,  hence d iv id ing the p i t ’s  vo lume in to 𝑁 number of  sub-vo lumes.  The  

mul t i -node model  has the goal  o f  d iscret i z ing  a vo lume and conduct  a  system of  equat ion s  

on every d iscret i zed  reg ion,  a iming to  get  the thermal  re la t ion  that  every 𝑖𝑡ℎ node  has wi th  

i ts  ne ighbour nodes,  i .e .  wi th  𝑖𝑡ℎ − 1 and 𝑖𝑡ℎ + 1,  a longs ide wi th  surroundings and  pass ing f lows  

as funct ion o f  temperature.  Given th is ,  an  energy balance was created  for  every 𝑖𝑡ℎ node  

(John A.  Duf f ie ,  2013;  Zelzoul i  e t  a l . ,  2012) .  
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Figure 2-36 Conf igurat ion of  a  tank wi th  𝑁 number  of  nodes  

 

Exact l y l ike the GH and ETC model l ing,  the PTES s imulat ions were done for  every g iven  

hour based on heat  ba lance equat ions,  depending on ambient  thermal  in teract ions and 

thermal  condi t ions of  incoming and outgoing  f lows to  co l lec tor  f ie ld  and  g reenhouse uni t .  

 

 Pit  thermal energy storage heat ba lance  

Conduct ing a  heat  ba lance for  P TES is  complex g iven  the  mul t ip le  number of  in le ts  and  

out le ts  a t  d i f feren t  cond i t ions and  in teract ions wi th  ne ighbour ing  nodes and surroundings  

(Böszörményi  & Šiváková,  2012) .  So,  based on the f i rs t  law of  thermod ynamics,  shown in  

equat ion 0.47,  some assumpt ions were taken,  to  s impl i fy and decrease computat ional  costs .  

In  equat ion  0.47,  i t  is  s ta ted that  the  in ternal  energy ’s  changes in  respect  to  t ime,  
𝑑𝐸

𝑑𝑡
,  are  

dependent  on the net  heat  t ransfer  wi th  surroundings,   𝑄̇,  the net  work done in  the system,  

𝑊̇ and mass t ransfers  that  may occur in to  and ou t  o f  the system. The var iab les  𝑚̇, ℎ, 𝑣, 𝑔 

and 𝑧 s tand for  mass f low rate,  enthalpy,  ve loc i ty,  accelerat ion of  g ravi ty and height ,  

respect ive ly  (Dincer  & Ezan,  2018;  John A.  Duf f ie ,  2013) .  

𝑑𝐸

𝑑𝑡
= 𝑄̇ + 𝑊̇ +∑𝑚̇𝑖𝑛 (ℎ +

𝑣2

2
+ 𝑔𝑧)

𝑖𝑛

−

𝑖𝑛

∑𝑚̇𝑜𝑢𝑡 (ℎ +
𝑣2

2
+ 𝑔𝑧)

𝑜𝑢𝑡𝑜𝑢𝑡

 (0 .47)  
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In  th is  pro ject ,  no mechanica l  work  was cons idered in  the p i t ,  the ef fects  f rom k inet ic  and 

potent ia l  energy were  neglected due  to  l ow var ia t ions and every incoming f low s t ream had 

an analogue out le t  wi th  same f low ra te,  thus in  and out  mass t ransfers  could  be combined 

in to a s ing le te rm (Dincer  & Ezan,  2018;  John A.  Duf f ie ,  2013) .  Done these assumpt ions,  t he  

energy balance can be s impl i f ied as seen in  equat ion 0.48.  

𝑑𝐸

𝑑𝑡
= 𝑄̇ +∑𝑚̇(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) (0 .48)  

As s tated by Cadau et  a l . ,  2019;  John A.  Duf f ie ,  2013;  Soomro et  a l . ,  2018 ,  predic t ing the  

proper s t ra t i f icat ion leve l  when us ing mul t i -node approach is  h igh ly dependent  on the number  

of  nodes or  d iv is ions assumed,  where they demonstrate that  the b igger  number of  nodes ,  

the bet ter  p redic t ion of  f lu id  in teract ion in  the tank,  thus h igh er qual i t y o f  output  va lues.  On 

the other  hand,  the number of  nodes come a t  great  computat ion expenses  g iven the  

complexi ty o f  STES model l ing,  so a good compr i se should be taken  to  ensure appropr ia te  

thermocl ine predic t ion and durat ion of  s imulat ions.  In  th is  s tudy 32 nodes were cons idered  

in  order  to  have a  d is tance between nodes  of  less than  hal f  a  meter  f rom each other ,  

compr is ing the recommendat ions of  Cadau et  a l . ,  2019;  John A.  Duf f ie ,  2013  of  a t  least  10  

nodes to  ensure a feas ib le  thermocl ine predic t ion .  

From equat ion 0.48,  the  actual  var iab les of  the pro ject  a t  hand were in t roduced,  where the  

in ternal  energy var ia t ion  for  every 𝑖𝑡ℎ node  is  g iven  by the  product  o f  i ts  vo lume,𝑉,  dens i ty ,  

𝜌,  spec i f ic  heat ,  𝑐𝑝 and the temperature var ia t ion  between the 𝑗𝑡ℎ hour  and 𝑗𝑡ℎ + 1,  𝑑𝑇 =

(𝑇𝑗+1 − 𝑇𝑗).  The in te rnal  energy is  then af fected by the severa l  changes in  the system as 

s tated in  equat ion  0.49,  where 𝑄̇𝑙𝑜𝑠𝑠,   𝑄̇𝐸𝑇𝐶 ,   𝑄̇𝐺𝐻 and  𝑄̇𝑚𝑖𝑥 are the  hea t  losses to  surroundings ,  

net  heat  provided by the  ETC f ie ld ,  power d ischarged to  the g reenhouse uni t  and the node-

to-node heat  ga ins/ losses depending on the loads  induced by the GH and ETC f lows  

(Arabkoohsar,  2016) .  

𝜌𝑉𝑐𝑝
𝑑𝑇

𝑑𝑡
= 𝑄̇𝐸𝑇𝐶 − 𝑄̇𝐺𝐻 − 𝑄̇𝑙𝑜𝑠𝑠 + 𝑄̇𝑚𝑖𝑥  (0 .49)  

 

 Sub-volumes,  areas and nodes  

The d imensions of  a  p i t  are qu i te  i r regular  g iven i ts  t runcated pyramidal  shape and s ince  

throughout  s imulat ions a ser ies  of  areas and vo lumes are req ui red,  th is  sect ion focus so le ly  

on the math behind a l l  d imensions used in  the next  chapte rs .  

The vo lume of  a  t runcated pyramid is  g iven by equat ion 0.50,  be ing dependent  on the upper  

area,  𝐴𝑡𝑜𝑝,  the bot tom area,  𝐴𝑏𝑜𝑡𝑡𝑜𝑚 and on the height  o f  the p i t ,  ℎ,  as  can a lso be seen in  

F igure 2-37 (Gi l l ings,  2020).  
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𝑉𝑃𝑇𝐸𝑆 =
1

3
ℎ (𝐴𝑡𝑜𝑝 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚 + √𝐴𝑡𝑜𝑝𝐴𝑏𝑜𝑡𝑡𝑜𝑚)   𝑤ℎ𝑒𝑟𝑒 

𝐴𝑡𝑜𝑝 = 𝑊𝐿  𝑎𝑛𝑑  𝐴𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑤𝑙  

(0 .50)  

The wal ls ’  areas are a lso important  to  know cons ider ing the thermal  in teract ion wi th  the so i l .  

So two area groups were cons idered g iven the d i f ferent  d imensions:  nor th  and south areas,  

𝐴𝑁𝑆,  and east  and west  areas,  𝐴𝐸𝑊,  as  is  demonstrated in  F igure 2 -37 and  g iven by equat ion  

0.51.  

In  equat ion 0.51,  𝑊, 𝐿, 𝑤 and 𝑙 are the wid th  and length of  the top area and wid th and length  

of  bot tom area ,  respect i ve ly.  

𝐴𝑁𝑆 =
𝑊 +𝑤

2
ℎ 

𝐴𝐸𝑊 =
𝐿 + 𝑙

2
ℎ 

(0 .51)  

 

Figure 2-37 Representa t ion of  sur faces and d imensions  used in  the model l ing of  the p i t  
s torage  

As the  ca lcu lat ions were done for  every  g iven  sub -vo lume,  the  same equat ions for  vo lume 

and areas adapt  for  every 𝑖𝑡ℎ reg ion.  As demonstrated in  F igure 2-38 i f  the angle 𝛼 is  

determined,  every g iven  d is tance for  every reg ion can be obta ined,  thus us ing equat ion s  

0.52 and 0.53 the lengths and widths fo r  every d iv is ions were obta ined.  
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𝛼𝑁𝑆 = tan
−1
(𝑊 − 𝑤)

2
/ℎ 

𝛼𝐸𝑊 = tan−1
(𝐿 − 𝑙)

2
/ℎ 

(0 .52)  

𝑤𝑖 = 𝑊 − 2ℎ𝑖 tan 𝛼𝑁𝑆 

𝑙𝑖 = 𝐿 − 2ℎ𝑖 tan 𝛼𝐸𝑊 

𝑤ℎ𝑒𝑟𝑒 𝑖 ∈ [𝑖: 𝑁 + 1]  𝑎𝑛𝑑  ℎ𝑖 = ℎ𝑖 − 0.5  𝑤𝑖𝑡ℎ ℎ1 = ℎ 

(0 .53)  

 

Figure 2-38 Representat ion of  sub -vo lume ’s  d iv i s ions  

 

 Storage heat  losses  to surroundings  

The hea t  loss cr i ter ia  used in  the STES uni t  were s imi lar  to  the GH ones ,  shown in  chapter  

2 .1.3 ,  s ince there is  equal ly one work ing f lu id  separated  f rom a bulk  reg ion at  d is t inc t  thermal  

condi t ions.  Given  th is ,  two separat ing reg ions  were cons idered:  f lu id- to -a i r  and f lu id - to-so i l ,  

as  shown in  F igure 2-39,  re ly ing  on so i l  and ambient  condi t ions.  

 

Figure 2-39  Sur roundings reg ions and character i s t ic  cons idered to  generate the  heat  losses 
of  the seasonal  heat  s to rage  

The genera l  heat  ba lance between in te r ior  and  surroundings  is  shown in  equat ions 0.54 ,  

0 .55,  0 .56  and 0 .57,  as  node dependent .  For  the wal ls ’  heat  losses ,  g iven  the d i f ferent  areas  

for  nor th-south  and  east -west ,  bo th were  cons idered and overa l l  hea t  loss es were  ca lcu lated  

dependent  not  on ly on  nodes but  a lso on or ien ta t ion.  
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The subscr ip ts ,  f rom fo l lowing equat ions,  𝑙𝑜𝑠𝑠, 𝑤𝑎𝑙𝑙, 𝑡𝑜𝑝, 𝑏𝑜𝑡𝑡𝑜𝑚, 𝑖, 𝑁𝑆, 𝐸𝑊, 𝑠𝑜𝑖𝑙 and 𝑎𝑚𝑏 are 

overa l l  losses,  f rom wal l s ,  top and bot tom, 𝑖𝑡ℎ node f rom 1 to  32,  nor th-south wa l ls ,  east -west  

wal ls ,  so i l /ground dependent  on depth and  ambient ,  respect i ve ly .  

𝑄̇𝑙𝑜𝑠𝑠
𝑖 = 𝑄̇𝑤𝑎𝑙𝑙

𝑖 + 𝑄̇𝑡𝑜𝑝
𝑖 + 𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚

𝑖 , 𝑤ℎ𝑒𝑟𝑒 {
𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚 = 0 𝑖𝑓 𝑖 ≠ 𝑁

𝑄̇𝑡𝑜𝑝 = 0 𝑖𝑓 𝑖 ≠ 1       
 (0 .54)  

𝑄̇𝑤𝑎𝑙𝑙
𝑖 = (𝑈𝑁𝑆

𝑖 2𝐴𝑁𝑆
𝑖 + 𝑈𝐸𝑊

𝑖 2𝐴𝐸𝑊
𝑖 )(𝑇𝑖 − 𝑇𝑠𝑜𝑖𝑙

𝑖 ) (0 .55)  

𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚
𝑖 = 𝑈𝑏𝑜𝑡𝑡𝑜𝑚,

𝑖 𝐴𝑏𝑜𝑡𝑡𝑜𝑚(𝑇
𝑖 − 𝑇𝑠𝑜𝑖𝑙

𝑖 ) (0 .56)  

𝑄̇𝑡𝑜𝑝
𝑖 = 𝑈𝑡𝑜𝑝

𝑖 𝐴𝑡𝑜𝑝(𝑇
𝑖 − 𝑇𝑎𝑚𝑏) (0 .57)  

The moving f lu id  ins ide  kept  on changing  d i rect ion  (on Y axis)  and in tens i ty ,  g iven  the  

var iab i l i t y o f  the co l lec tors ’  f low rate and in termi t tent  necess i ty o f  GH ’s  loads as wi l l  be 

shown in  F igure 2-46 in  chapter  2 .3.6 .  Given th is  and the wide a rea of  the pass ing f lu id ,  the  

Reynolds and  Grashof f  numbers were de termined by means  of  equat ions 0.21 and 0.23 ,  

respect ive ly .  A re la t ion between these two,  shown in  equat ion 0.58,  sets  the predominant  

e f fects  between buoyant  and  iner t ia l  forces,  thus i t  is  poss ib le  to  assume the f low’s  behaviour  

as  f ree or  forced convect ion and wi th  i t ,  the  var iab les f rom which the  Nussel t  number is  

dependent  on wi l l  be def ined  (Bergman et  a l . ,  2011) .  

𝑁𝑢 = {
𝑓(𝑅𝑒, 𝑃𝑟)   𝑖𝑓 𝐺𝑟/𝑅𝑒2 ≪ 1

𝑓(𝐺𝑟, 𝑃𝑟)   𝑖𝑓 𝐺𝑟/𝑅𝑒2 ≫ 1
 (0 .58)  

W ith the Grashof f -squared-Reynolds rat io  done,  the min imum value for  each locat ion was  

determined and  shown in  Table 2 -8.  Since a l l  l ocat ions demonstrated  much larger  va lues 

than uni ty,  i t  was poss ib le  to  assume that  even  though there is  a  f low regime in  the p i t ,  the  

buoyant  forces have  much h igher  impact  than  iner t ia l  ones,  he nce  f ree convect ion  was  

assumed for  any g iven hour at  any g iven node  (Bergman et  a l . ,  2011;  J i j i ,  2006) .  

Table 2-8 Relat ion between the Grashof f  number and the squared of  the  Reynolds number  
for  each area  

𝑳𝒐𝒄𝒂𝒕𝒊𝒐𝒏 𝑵 − 𝑺 𝑬 −𝑾 𝑻𝒐𝒑 𝑩𝒐𝒕𝒕𝒐𝒎 

𝒎𝒊𝒏 (𝑮𝒓/𝑹𝒆𝟐) 334 427 21970 17796 

 

As suggested by (Bergman et  a l . ,  2011;  R.  Tian ,  Dai ,  W ang,  & Shi ,  2018) ,  the Prandt l  number  

for  wate r  was ob ta ined by equat ion  0.59,  as funct ion of  the f lu id ’s  dynamic viscos i ty,  𝜇,  

spec i f ic  heat ,  𝑐𝑝,  and thermal  conduct iv i t y,  𝑘.  

𝑃𝑟 =
𝜇 ∙ 𝑐𝑝

𝑘
  (0 .59)  
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From equat ions 0.55 ,  0 .56 and 0.57,  a reas and temperatures  were a l ready set ,  so the miss ing  

parameters  were  the overa l l  heat  t ransfer  coef f ic ient s  and exact ly  l ike in  chapter  2 .1.3 ,  they 

were set  as the sum of  al l  in tervenien t  thermal  res is tances.  Some of  the thermal  res is t ances 

depend on the  polymer ’s  sur face temperature that  was  not  previous ly determined ,  so an 

i terat i ve process ,  wi th  𝑘 as  i terat i ve counte r ,  was conducted  wi th  in i t ia l  assumpt ion of  the  

sur face temperature o f  each 𝑖𝑡ℎ sur face on  the nor th -south  and east -wes t  s ides ,  top  and  

bot tom sur faces as seen  in  F igure 2 -40.  

 

Figure 2-40 Model l ing conf igurat ion to  dete rmine the thermal  res is tances and overa l l  heat  
t ransfer  coef f ic ien t  

In  the  case of  the  top cover,  a  po lymer insu lat ion  was  input  separat ing  the medium f rom the  

ambient ,  so convect ion  and conduct ion be tween the top node and  the  insu lat ing mater ia l  was  

set  as seen  in  equat ion 0.60.  For  wal ls  and  bot tom, g iven the  qui te  sma l l  th ickness of  the  

separat ing f i lm f rom the water  and so i l ,  on ly inner  convect ion and externa l  conduct ion were  

cons idered,  seen in  equat ions 0.61 and 0.62.  From equat ions  0.60,  0 .61 and 0.62,  the 

subscr ip ts  𝑡𝑜𝑝, 𝑖𝑛𝑠𝑢 − 𝑎𝑚𝑏, 𝑚𝑒𝑑 − 𝑖𝑛𝑠𝑢, 𝑖𝑛𝑠𝑢 and 𝑏𝑜𝑡𝑡𝑜𝑚 are top cover,  between ambient  and  

insulat ion and ambien t  and sur roundings,  between medium a t  top  node and ins ulat ion,  

insu lat ion and lower sur face of  p i t ,  respect i ve ly.  

1

𝑈𝑡𝑜𝑝
=

1

ℎ𝑖𝑛𝑠𝑢−𝑎𝑚𝑏
+
𝑥𝑖𝑛𝑠𝑢
𝑘𝑖𝑛𝑠𝑢

+
1

ℎ𝑚𝑒𝑑−𝑖𝑛𝑠𝑢
 (0 .60)  

1

𝑈𝑖
=
1

ℎ𝑖
+
𝑥𝑠𝑜𝑖𝑙
𝑖

𝑘𝑠𝑜𝑖𝑙
 (0 .61)  

1

𝑈𝑏𝑜𝑡𝑡𝑜𝑚 
=

1

ℎ𝑏𝑜𝑡𝑡𝑜𝑚
+
𝑥𝑠𝑜𝑖𝑙,𝑏𝑜𝑡𝑡𝑜𝑚
𝑘𝑠𝑜𝑖𝑙,𝑏𝑜𝑡𝑡𝑜𝑚

 (0 .62)  

From PlanEnerg i ,  2015;  Thomas Schmidt  e t  a l . ,  2018 ,  i t  was shown that  a  commonly used 

insulat ion in  p i t  thermal  s torage uni ts  in  Denmark is  the  NOM ALEN polymer,  which is  a  

layered  polyethylene agglomerate .  This  mater ia l  was the  one cons idered  for  the  s imulat ions  

and i t  is  genera l l y so ld  wi th  a th ickness,  𝑥𝑖𝑛𝑠𝑢,  o f  10 𝑐𝑚 and thermal  conduct i v i ty,  𝑘𝑖𝑛𝑠𝑢,  o f  
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0.04 𝑊/𝑚𝐾,  so the conduct ion thermal  res is tance on the top of  the uni t  can be obta ined as  

shown in  equat ion  0.60.  

Simi lar ly  to  the  convec t ion heat  t ransfer  be tween ambient  and the  outer  layers  of  the  

greenhouse in  chapte r  2 .1.3 ,  the same corre la t ions for  external  f lows  pass ing a hor i zonta l  

f la t  p la te  were used  to  obta in  the  Nussel t  number,  dependent  on the wind ’s  f low 

laminar / turbulent  behaviour  pass ing  the insu la t ion ’s  outer  sur face ,  as seen in  equat ion  0 .22.  

Thus 𝑁𝑢̅̅ ̅̅ 𝑖𝑛𝑠𝑢−𝑎𝑚𝑏 and consequent l y ℎ𝑖𝑛𝑠𝑢−𝑎𝑚𝑏 were de termined (Bergman et  a l . ,  2011) .  

Assuming the inner sur face of  the insu lat ion as a top co ld sur face wi th  hot  f low pass ing a s 

shown in  F igure  2-41(a) ,  the  corre la t ion  in  equat ion 0.63  was  determined as funct ion  of  

Rayle igh number.  The Rayle igh num ber i t  is  s imply obta ined as  the product  o f  the Grashof f  

and Prandt l  numbers  (Bergman et  a l . ,  2011) .  

 

 

Figure 2 -41 Representa t ion of  down hot  f low on  a top  co ld sur face (a )  and upper  hot  f low on  
a bot tom cold sur face  

𝑁𝑢̅̅ ̅̅ 𝑚𝑒𝑑−𝑖𝑛𝑠𝑢 = 0.15𝑅𝑎𝑡𝑜𝑝
1/3
, 𝑤ℎ𝑒𝑟𝑒 𝑅𝑎 = 𝐺𝑟𝑃𝑟 (0 .63)  

W ith the 𝑁𝑢̅̅ ̅̅ 𝑚𝑒𝑑−𝑖𝑛𝑠𝑢 ca lcu lated,  the inner convect ion heat  t ransfer ,  ℎ𝑚𝑒𝑑−𝑖𝑛𝑠𝑢,  was set  by 

equat ion 0.20.  Having a l l  the thermal  res is tances respectant  to  the top cover,  the overa l l  

heat  t ransfer  coef f ic ient ,  𝑈𝑡𝑜𝑝 was dete rmined.  

Inverse ly to  the top wal l ,  the inner  convect ion  coef f ic ient  f rom the  mediu m to the bot tom 

sur face was set  assuming a hot  f low pass ing through the top sur face of  a  co ld  p la te,  as 

shown in  F igure 2-41(b) .  For  th is ,  the Nussel t  nu mber was g iven by the corre la t ion seen in  

equat ion 0.64 (Bergman et  a l . ,  2011;  J i j i ,  2006).  

𝑁𝑢̅̅ ̅̅ 𝑏𝑜𝑡𝑡𝑜𝑚 = 0.52𝑅𝑎𝑏𝑜𝑡𝑡𝑜𝑚
1/5

 (0 .64)  

For  the  so i l ’s  heat  t rans fer  by conduct ion ,  so much for  wal ls  o r  bot tom ,  exact l y  the same 

t rans ient  approach was taken  f rom chapter  2 .1.3 ,  so f rom equat ion 0.28,  the so i l ’s  d is tance 

f rom the sur face to  the nearest  po int  a t  constant  𝑇𝑠𝑜𝑖𝑙 was set ,  bear ing that  the so i l ’s  

temperature was  depended on depth as was demonstrated in  F igure 2-5 .  Once determin ing  

the 𝑥𝑠𝑜𝑖𝑙,  for  every 𝑖𝑡ℎ node and bot tom, the conduct ion  thermal  res is tance was ca lcu lated.  
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Last ly,  the inner convec t ion coef f ic ient ,  ℎ𝑤𝑎𝑙𝑙,  was determined assuming f ree convect ion on  

an inc l ined p la te  wi th  𝑁𝑢̅̅ ̅̅ 𝑤𝑎𝑙𝑙 set  by equat ion 0.65  (Bergman et  a l . ,  2011).  

𝑁𝑢̅̅ ̅̅ 𝑤𝑎𝑙𝑙 =

{
  
 

  
 

0.825 +
0.387𝑅𝑎

1
6

[1 + (
0.492
𝑃𝑟

)

9
16
]

8
27

}
  
 

  
 
2

 (0 .65)  

Having  both   𝑁𝑢̅̅ ̅̅ 𝑏𝑜𝑡𝑡𝑜𝑚 and  𝑁𝑢̅̅ ̅̅ 𝑤𝑎𝑙𝑙 the convect ion  heat  t ransfe rs  ℎ𝑏𝑜𝑡𝑡𝑜𝑚 and ℎ𝑤𝑎𝑙𝑙 were  obta ined  

by equat ion 0.20 and  a long wi th  the  conduct ion  term,  the overa l l  hea t  t ransfer  coef f ic ients  

𝑈𝑏𝑜𝑡𝑡𝑜𝑚 and 𝑈𝑤𝑎𝑙𝑙 were ca lcu lated.  

F ina l ly,  by equat ions  0.54,  0 .55,  0 .56 and 0.57,  a l l  net  heat  f luxes to  the surroundings were  

obta ined in  respect  to  each or ientat ion and  node at  every g iven hour .  

In  F igure 2 -42,  i t  was p lo t ted the overa l l  heat  losses of  the  s torage un i t ,  where  i t  can be  

seen the were much h igher losses dur ing the charg ing per iod,  which could be due to  increase  

in  temperature var ia t ion between p i t  and surroundings.  

  

Figure 2-42 Heat  losses to  surroundings of  the p i t  

Last ly ,  i t  was accounted  an  overa l l  year - round 105,7 𝑀𝑊ℎ o f  heat  los t  to  ne ighbour ing areas ,  

wi th  the h ighest  impact  coming f rom the top cover g iven the h igher weather  var iab i l i t ies ,  as 

suggested by Ochs et  a l . ,  2020 .  

 

 Charge into  the p it  

The purpose  of  the  charg ing mechanism was  to  ensure s t ra t i f icat ion  in  the p i t ,  so the 

temperature  of  the  cha rged incoming f low f rom the UpETC f ie ld  should  be analysed  to  lead  

i t  in to  the appropr ia te node (Başçet inçel ik  e t  a l . ,  1999) .  In  F igure 2 -43 i s  shown a charged  

f low coming at  condi t ions (𝑚̇𝐸𝑇𝐶 , 𝑇𝑓,𝑜𝑢𝑡) and 𝑁 poss ib i l i t ies  that  i t  may fo l low,  so to  p roper ly 

conduce the incoming charged f luxes,  a  dummy var iab le /  charge coef f ic ient ,  𝐹𝑐 was added to  

every 𝑖𝑡ℎ routes  (Andersen et  a l . ,  2007;  Arabkoohsar,  2016;  Zelzoul i  e t  a l . ,  2012) .  
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Figure 2-43 Charged f low's  s t reams under the  condi t ions of  the charge coef f ic ient ,  𝐹𝑐
𝑖 

The heat  ba lance for  the charg ing process was conducted,  admi t t ing no mix wi th  the previous  

nodes f rom which the f low would be  set ,  i .e .  i f  the charged medium would  f i t  in  the  3 r d  node’s  

reg ion,  no  thermal  in teract ions would be  cons idered wi th  the  adjacent  1 s t  and  2 n d  ones  as  

wi l l  be expla ined in  sec t ion 2.3.6 .  So ,  once more,  by the f i rs t  law of  thermodynamics,  the  

charge heat  f lux,   𝑄̇𝑐ℎ𝑎𝑟𝑔,  was determined by the p roduct  o f  the  charge  coef f ic ient ,  𝐹𝑐,  incoming  

f low rate,   𝑚̇𝐸𝑇𝐶,  spec i f ic  heat ,  𝑐𝑝,  and the temperature d i f ference between the out le t  ETC 

f ie ld ,  𝑇𝑓,𝑜𝑢𝑡 and spec i f ic  node,  𝑇𝑖.  The heat  ba lance equat ion and  condi t ions to  set  the  route  

dependent  on  𝐹𝑐 are shown in  equat ion 0.66  (Arabkoohsar,  2016;  Mahmood Farzaneh -Gord  

et  a l . ,  2013;  John A.  Duf f ie ,  2013) .  

𝑄̇𝑐ℎ𝑎𝑟𝑔
𝑖 = 𝐹𝑐

𝑖𝑚̇𝐸𝑇𝐶𝑐𝑝(𝑇𝑓,𝑜𝑢𝑡 − 𝑇
𝑖), 𝑤ℎ𝑒𝑟𝑒 𝐹𝑐 = {

1 𝑖𝑓 𝑖 = 1  𝑎𝑛𝑑  𝑇𝑓,𝑜𝑢𝑡 > 𝑇
1                          

1  𝑖𝑓 1 < 𝑖 ≤ 𝑁  𝑎𝑛𝑑  𝑇𝑖−1 > 𝑇𝑓,𝑜𝑢𝑡 > 𝑇
𝑖

0 𝑒𝑙𝑠𝑒                                                                      

 (0 .66)  

The factor  𝐹𝑐 was set  regard ing the condi t ions shown in  equat ion 0.66,  where i f  the in le t  f l ow ’  

temperature  is  h igher  than the f i r s t  node’s  temperature,  then that  wi l l  be the node to  mix  

wi th .  Otherwise ,  for  any other  𝑖𝑡ℎ nodes that  the  temperature f rom the ETC f ie ld  would be  

h igher than  that  node and lower than  the  adjac en t  one,  that  wi l l  be the 𝑖𝑡ℎ sub-vo lume to  mix 

wi th .  Any other  poss ib le  condi t ions,  l ike having a  temperature  lower than  the bot tom node’s  

temperature,  there  would be no incoming f low to  the s tora ge,  g iven tha t  i t  would  d ischarge  

i t  (Cadau et  a l . ,  2019;  John A.  Duf f ie ,  2013) .  
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 Discharge of  the p it  

As s tated in  chapter  1 .3 ,  the greenhouse energy load was  set  to  a lways  f low f rom the  top  

reg ion of  the PTES and the return to  the bot tom, but  in  th is  case fo l lowing  the node at  which  

the temperature would f i t  best  (M.  Farzaneh-Gord,  Arabkoohsar ,  Deymi  Dasht -bayaz,  & 

Farzaneh-Kord,  2012;  Soomro et  a l . ,  2018) .  Exact ly l ike i t  was done fo r  the charge of  the 

s torage,  i t  was in t roduced  a dummy var iab le,  𝐹𝐿,  to  contro l  the  pa th of  the  return f low.  

As seen in  F igure 2-44 ,  a f ter  the  heat  is  exchanged,  a  re turn f low ente rs  the bot tom of  the  

p i t  a t  condi t ions  (𝑚̇𝐺𝐻, 𝑇𝑟𝑒𝑡𝑢𝑟𝑛)  and dependent  on the  temperature of  the r etu rn and  on  the  

temperature of  each node,  i t  wi l l  fo l low to  the 𝑖𝑡ℎ d iscret ized reg ion .  

 

Figure 2-44 Greenhouse  return  f low 's  s t reams under the condi t ions of  the  return coef f ic ient ,  

𝐹𝐿
𝑖 

The heat  ba lance,  s imi lar ly to  the p i t ’s  charge,  was set  as in  equat ion 0.67,  where subscr ip ts  

𝑑𝑖𝑠𝑐ℎ, 𝐺𝐻, 𝐿  and 𝑟𝑒𝑡𝑢𝑟𝑛 are the d ischarge of  the p i t ,  greenhouse,  l oad and return f rom 

greenhouse,  respect ive ly .  The load coef f ic ient ,  𝐹𝐿,  was set  as :  i f  the  bot tom node’s  

temperature ,  𝑇𝑁,  would be h igher than the retu rn,  then the d ischarged f low  f rom the  

greenhouse would  mix wi th  the  bot tom node;  i f  the retu rn temperature  would be  h igher  than  

any 𝑖𝑡ℎ node,  𝑇𝑖,  and lower  than the adjacen t  one,  𝑇𝑖−1,  then reg ion 𝑖 would be  the one to  

d i f fuse wi th .  (M.  Farzaneh-Gord  et  a l . ,  2012)  

𝑄̇𝑑𝑖𝑠𝑐ℎ
𝑖 =  𝐹𝐿

𝑖𝑚̇𝐺𝐻𝑐𝑝(𝑇
𝑖 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛) where 𝐹𝐿 = {

1 𝑖𝑓 𝑖 = 𝑁 𝑎𝑛𝑑 𝑇𝑟𝑒𝑡𝑢𝑟𝑛 < 𝑇
𝑁

1 𝑖𝑓 𝑇𝑖−1 ≥ 𝑇𝑟𝑒𝑡𝑢𝑟𝑛 > 𝑇
𝑖       

0 𝑒𝑙𝑠𝑒                                      

 (0 .67)  

In  order  to  determine the f low ra te of  the  load to  the greenhouse,  a  condi t ion was set  to  

ensure the f low rate wouldn’ t  surpass the  maximum value establ ished.  For  th is ,  i t  was  
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assumed that  the STES would be able to  provide 70% o f  the more  cr i t ica l  hour o f  demand 

and the remain ing  would  have  to  be  p rovided by the external  heat  source ,  here cons idered  

f rom the d is t r ic t  heat ing.  

The  hour  wi th  b igger hea t  requi rement  accounted  for  36 𝑘𝑊ℎ,  so wi th  the a id  of  equat ion 0.67,  

the f low rate was put  in  evidence  and ob ta ined wi th  a  70% o f  the  to ta l  heat  load and assumed 

a temperature d i f ference between source and return of  20℃.  W i th  th is  assumpt ion,  the 

maximum f low rate was set  as 5 𝑘𝑔/𝑠 and wi th  i t ,  the condi t ion to  determine the d ischarged  

heat  f rom the p i t  was establ ished by equat ion 0.68,  as e i ther  the to ta l  GH demand or  i f  𝑚̇𝐺𝐻 >

𝑚̇𝐺𝐻,𝑚𝑎𝑥,  then the d ischarged f low would be set  wi t h  mass f low rate   𝑚̇𝐺𝐻,𝑚𝑎𝑥.  

𝑄̇𝑑𝑖𝑠𝑐ℎ = {
𝑄̇𝐺𝐻 , 𝑖𝑓 𝑚̇𝐺𝐻 ≤ 𝑚̇𝐺𝐻,𝑚𝑎𝑥                                         

𝑚̇𝐺𝐻,𝑚𝑎𝑥𝑐𝑝(𝑇
1 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛), 𝑖𝑓 𝑚̇𝐺𝐻 > 𝑚̇𝐺𝐻,𝑚𝑎𝑥

 (0 .68)  

F ina l ly,  to  assure the  heat  demand ,  the auxi l iary  heat  f lux was determined as the  d i f ference 

between the  greenhouse  demand and the d ischarge avai lab i l i t y,  as  seen in  equat ion 0.69.  

𝑄̇𝑎𝑢𝑥 = 𝑄̇𝐺𝐻 − 𝑄̇𝑑𝑖𝑠𝑐ℎ (0 .69)  

Given the condi t ions,  the  heat  provided f rom the p i t  accounted for  a  to ta l  o f  65.9 % o f  the heat  

demand f rom the g reenhouse.  

 

 Mixing f lows  

In  the p revious chapters  2.3.4  and  2.3.5 ,  the  charge and d ischarge f lows were  set  to  enter  

and exi t  in  the top  and bot tom or  in  the bot tom and top,  respect ive ly.  Due to  th is  and  in  order  

to  ensure heat  ba lance throughout  the s torage uni t ,  th is  f luxes must  be accounted f rom node 

1 to  𝑁 and  so i t  wi l l  induce mixing  o f  f lows  f rom every  𝑖𝑡ℎ node wi th  i ts  ne ighbour ing ones ,  

pos i t ive ly o r  negat ive ly ,  dependent  on the m agni tudes of  the g reenhouse and ETC f lows  

(Andersen et  a l . ,  2007 ;  Fan,  Furbo,  & Yue,  2015;  M.  Farzaneh -Gord  et  a l . ,  2012) .  

The  mixing  ru le ,  as shown in  F igure  2-45,  wi l l  be dependent  on the  in i t ia l  node were  the  

incoming f lu id  wi l l  s i t  and af terwards  fo l lowing i ts  path to  i ts  exi t .  So for  example,  i f  the  

greenhouse re turn would  mix in  the  𝑁𝑡ℎ reg ion,  then a f low would  have to  pass through every  

𝑁𝑡ℎ−𝑖 nodes unt i l  reaching node one,  fu l f i l l ing the f low that  was removed to  charge the 

greenhouse (John A.  Duf f ie ,  2013) .  In  order  to  contro l  where the  f low wou ld pass through,  a  

mixing f low ra te,  𝑚̇𝑚𝑖𝑥,  was establ ished,  be ing dependent  on the net  f luxes f rom the GH and 

ETC.  

The  greenhouse f low’s  e f fect  on  𝑚̇𝑚𝑖𝑥 were  establ ished for  every  node,  be ing  dependent  on  

the sum of  a l l  load coe f f ic ients  of  the nodes bel low a spec i f ic  node 𝑖,  where for  the charge  

by being dependent  on  the sum of  a l l  charge coef f ic ients  of  the  above reg ions,  as can  be  

seen in  equat ion 0 .70  (O.  Paksoy,  2005) .  
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Figure 2-45 Representa t ion of  a l l  the poss ib le  s t reams f rom charge and d ischarge of  the p i t  
dependent  on the charge and return  coef f ic ients  

𝑚̇𝑚𝑖𝑥
𝑖 = {

𝑚̇𝐸𝑇𝐶∑𝐹𝑐
𝑖

𝑖−1

1

− 𝑚̇𝐺𝐻∑𝐹𝐿
𝑖

𝑁

𝑖+1

    

0, 𝑖𝑓 𝑖 = 1 ∨ 𝑖 = 𝑁 + 1

 (0 .70)  

In  F igure 2-46 is  shown the mixing f low rate at  the 16 t h  node and i t  is  c lear  that  dur ing the  

summer per iod,  the h igher mixing ef fects  are  due to  charg ing of  the  p i t ,  thus having  a  

pos i t ive  𝑚̇𝑚𝑖𝑥
16 ,  whether  dur ing winter  per iod,  the incoming load f rom the  greenhouse is  the  

more preponderan t  mixing ef fect ,  so  having a  h igher percentage of  nega t ive 𝑚̇𝑚𝑖𝑥
16 .  
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Figure 2-46 Year ly  net  f l ow rate on the 16 t h  node  

Having  the net  f low rate  of  every 𝑖𝑡ℎ node,  s imply by heat  ba lance ,  i t  can be determined the  

heat  in f luences f rom nearby nodes,   𝑄̇𝑚𝑖𝑥
𝑖 ,  depending on the f low’s  d i rect ion,  as shown in  

equat ion 0.71,  g iven tha t  i f  the f low is  negat i ve  every 𝑖𝑡ℎ node is  a f fected by i ts  𝑖𝑡ℎ+1 node 

and inverse ly when pos i t ive af fected by i ts  𝑖𝑡ℎ−1 node (Arabkoohsar ,  2016;  John A.  Duf f ie ,  

2013).  

𝑄̇𝑚𝑖𝑥
𝑖 = {

𝑚̇𝑚𝑖𝑥
𝑖 𝑐𝑝(𝑇𝑖−1 − 𝑇𝑖), 𝑖𝑓 𝑚̇𝑚𝑖𝑥

𝑖 > 0

𝑚̇𝑚𝑖𝑥
𝑖+1 𝑐𝑝(𝑇𝑖 − 𝑇𝑖+1), 𝑖𝑓 𝑚̇𝑚𝑖𝑥

𝑖+1 < 0
 (0 .71)  

 

 Temperature variat ion on the 𝒊𝒕𝒉 node 

Once determined a l l  the  net  heat  f luxes by charg ing,  𝑄̇𝑐ℎ𝑎𝑟𝑔,  d ischarg ing,  𝑄̇𝑑𝑖𝑠𝑐ℎ,  heat  losses,  

𝑄̇𝑙𝑜𝑠𝑠,   and induced mixing ,  𝑄̇𝑚𝑖𝑥,  f rom equat ion 0.49 i t  is  poss ib le  to  determine the temperature  

change for  every 𝑗𝑡ℎ hour  a t  every  𝑖𝑡ℎ node.  

As set  in  equat ion 0.49,  the in ternal  energy var ia t ions on the 𝑖𝑡ℎ node is  dependent  on the 

rat io  between the product  o f  the p i t ’s  vo lume,  𝑉𝑖,  wi th  i ts  dens i ty 𝜌𝑖,  spec i f ic  heat  𝑐𝑝𝑖 and  

temperature var ia t ion dur ing an hour,  (𝑇𝑖,𝑗+1 − 𝑇𝑖,𝑗) by  the t ime var ia t ion,  Δ𝑡,  in  th is  case an  

hour,  so 3600 seconds.  So put t ing the des i red temperature o f  the  next  hour in  evidence ,  

equat ion 0.72  was obta ined for  every  node a t  any g iven  hour  of  the year  (Arabkoohsar,  2016;  

O.  Paksoy,  2005) .  

𝑇𝑖,𝑗+1 = 𝑇𝑖,𝑗 +
Δ𝑡

𝜌𝑖,𝑗𝑐𝑝𝑖,𝑗
(𝐹𝑐

𝑖,𝑗
𝑚̇𝐸𝑇𝐶
𝑗

𝑐𝑝𝑖,𝑗(𝑇𝑓,𝑜𝑢𝑡
𝑗

− 𝑇𝑖,𝑗) − 𝐹𝐿
𝑖,𝑗
𝑚̇𝐺𝐻
𝑗
𝑐𝑝𝑖,𝑗(𝑇𝑖,𝑗 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛

𝑗
)

− (𝑈𝑁𝑆
𝑖,𝑗
2𝐴𝑁𝑆

𝑖 + 𝑈𝐸𝑊
𝑖,𝑗
2𝐴𝐸𝑊

𝑖 +𝑈𝑏𝑜𝑡𝑡𝑜𝑚,
𝑖,𝑗

𝐴𝑏𝑜𝑡𝑡𝑜𝑚)(𝑇
𝑖,𝑗 − 𝑇𝑠𝑜𝑖𝑙

𝑗
) − 𝑈𝑡𝑜𝑝

𝑖,𝑗
𝐴𝑡𝑜𝑝(𝑇

𝑖,𝑗 − 𝑇𝑎𝑚𝑏
𝑗

)

+ ൝
𝑚̇𝑚𝑖𝑥
𝑖,𝑗

𝑐𝑝𝑖,𝑗(𝑇𝑖−1,𝑗 − 𝑇𝑖,𝑗), 𝑖𝑓 𝑚̇𝑚𝑖𝑥
𝑖,𝑗

> 0

𝑚̇𝑚𝑖𝑥
𝑖+1,𝑗

𝑐𝑝𝑖,𝑗(𝑇𝑖,𝑗 − 𝑇𝑖+1,𝑗), 𝑖𝑓 𝑚̇𝑚𝑖𝑥
𝑖+1,𝑗

< 0
 

(0 .72)  



Thermo-Economic  Anal ys is  o f  a  So la r  P i t  Seasonal  Thermal  Energy  S to rage fo r  Greenhouse Hea t i ng  

75 

 

 

Managing to  achieve s t ra t i f icat ion requi red a s tudy on a mul t i -node level ,  so being able to  

conduct  the hour ly temperature var ia t ion,  a l lows  to  analyse the evolut ion of  the seasonal  

heat  s torage fac i l i t y on a layer  bas is .  

Achieving s t ra t i f icat ion us ing the mul t i -node approach on an hour ly -bas is ,  a l lowed a dynamic  

analys is  o f  the seasonal  heat  s t orage fac i l i t y and once achieving  the  new tempera ture f rom 

equat ion 0.72,  the loop was c losed and i t  was poss ib le  to  conduct  the model l ing of  every  

terms of  PTES, GH and UpETC for  every 𝑗𝑡ℎ + 1 hour ,  thus conc lud ing the formulat ion.  

In  F igure 2-47,  i t  is  shown the overa l l  computat ion s t ra tegy in  which a l l  the model l ing was 

based on and i t  is  main ly based on three s t reams connected by the seasonal  heat  s torage  

p i t .  The three uni ts  s ta r t  by in t roduc ing an in i t ia l  p i t  temperature ,  which was the las t  recorded  

one f rom the model l ing of  the f i rs t  per iod .  Given the in i t ia l  temperature ,  each of  the th ree  

in i t ia l  va lues ’  s t reams fo l low to  each system and the model  s tar ts .  

The  greenhouse ,  which can be fo l lowed by the  g reen ar rows,  s tar ts  by in t roduc ing the  in i t ia l  

load temperature,  𝑇𝑖=1,𝑗=1 and dependent  on the overa l l  character is t ics  of  the GH, weath er  

and condi t ions set ,  the system of  equat ions based on heat  ba lance are  conducted and the  

des i red outputs  are  reached .  

The so la r  co l lec tor  f i e ld  s tar ts  exact l y l ike  t he GH uni t ,  bu t  in  th is  case wi th  in le t  temperature 

set  as the bot tom of  the p i t ’s  temperature,  𝑇𝑁,𝑗=1.  W i th  th is ,  a  loop is  created to  determine  

the proper  f low rate a t  which the out le t  temperature is  maximized  on an equat ion ’s  system 

and as out le t  the charged f low rate,   𝑚̇𝐸𝑇𝐶
𝑗

 is  obta ined a long wi th  i ts  out le t  temperature,  𝑇𝑓,𝑜𝑢𝑡
𝑗

.  

In  the seasonal  heat  s torage uni t ,  the same in i t ia l  procedure is  conducted based on heat 

ba lance and dependent  on the inco ming and ou tgoing f luxes f rom the so lar  co l lec tor  f ie ld  

and to  the greenhouse.  Af ter  the co l lec tor  and g reenhouse ’s  inputs  a re d iscovered,  then the  

heat  losses,  ga ins/ losses f rom node-to-node due to  mixing f low ef fects  are  obta ined for  every  

𝑖𝑡ℎ node and the temperature change,𝑇𝑖,𝑗+1 is  reached.  W ith th is  va lue is  poss ible  to  s tar t  the  

loop once again unt i l  reaching the 8760𝑡ℎ hour  o f  the model l ing per iod.  



Thermo-Economic  Anal ys is  o f  a  So la r  P i t  Seasonal  Thermal  Energy  S to rage fo r  Greenhouse Hea t i ng  

76 

 

 

 

Figure 2-47 Representa t ion of  the overa l l  model l ing system wi th  the s t reams coupl ing ETC -
STES-GH 

 

 Pit-s torage  Ef f ic iency  

After  conduct ing a l l  the  model l ing process and  get t ing the  des i red outputs ,  the e f f ic iency 

was determined to  assure the energet ic  feas ib i l i ty o f  the system. For  th is ,  us ing equat ion 

0.75,  the  ef f ic iency of  the seasonal  heat  s torage was  conducted as  funct ion of  the rat io  

between the overa l l  s tored energy ,  𝑄̇𝑆𝑇𝐸𝑆,  by the provided energy f rom the so lar  

co l lec tors ,  𝑄̇𝐸𝑇𝐶.  

The  overa l l  s tored energy ,  set  in  equat ion  0.74,  was determined  as  the d i f ference between 

provided energy and the  heat  losses,  𝑄̇𝑙𝑜𝑠𝑠,  where the las t  one was obta ined  as the sum of 

losses of  a l l  𝑖 ∈ [1:𝑁] sub-vo lumes to  the surroundings,  as shown in  equat ion  0.73.  
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𝑄̇𝑙𝑜𝑠𝑠 =∑𝑄̇𝑙𝑜𝑠𝑠
𝑖

𝑁

𝑖=1

 (0 .73)  

𝑄̇𝑆𝑇𝐸𝑆 = 𝑄̇𝐸𝑇𝐶 − 𝑄̇𝑙𝑜𝑠𝑠 (0 .74)  

𝜂𝑆𝑇𝐸𝑆 =
𝑄̇𝑆𝑇𝐸𝑆

𝑄̇𝐸𝑇𝐶
 (0 .75)  

F ina l ly,  the s to rage uni t  managed to  s to re a to ta l  o f  436.6 𝑀𝑊ℎ out  o f  the  541.7 𝐺𝑊ℎ provided 

energy f rom the so lar  co l lec tor  f ie ld ,  wi th  105.7 𝑀𝑊ℎ o f  to ta l  losses thus yie ld ing an ef f ic iency 

of  80.5 %.  

 

2.4 VALIDATION OF ENERGY MODEL 

Numerica l  model l ing is  very importa nt  to  decrease in i t ia l  pro ject  costs ,  but  they requi re  

va l id i t y in  o rder  to  be accepted as a feas ib le  model  (Singh & Tiwar i ,  2010) .  For  th is ,  the  

va l idat ions of  the GH, ETC f ie ld  and the PTES uni t  were conducted in  respects  to  previous  

s tud ies found in  l i terature.  

In  order  va l idate the  greenhouse setup,  a  compar ison was made wi th  the  work  done by 

Arabkoohsar e t  a l . ,  2017 ,  wi th  s imi lar  greenhouse d imensions,  U -va le  o f  cover ing mater ia l  

o f   0.65 𝑊/𝑚2 𝐾 and of  ground of  0.5 𝑊/𝑚2𝐾 and month ly i r rad ia t ion o f  the nor thern reg ion o  

I ran.  

As can be seen in  F igure 2-48,  the  heat  demand t rend  held  qu i te  s imi lar  to  the  refe rence  

work,  showing smal l  over  predic t ion on  some months of  the d ischarge per iod and smal l  under  

predic t ions on the charg ing per iod.  Al l  in  a l l ,  the  compar ison showed an overa l l  compr ise of  

91 %,  thus va l idat ing the model  as a good  predic t i ve o f  greenhouse heat  demand.  

 

Figure 2-48 Val idat ion o f  greenhouse model ,  compar ing heat  demand of  re ference work  
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In  F igure 2-49,  i t  is  shown the compar ison between the exper imenta l  da ta g iven by George  

& Kala ivanan,  2017 ,  where they connect  15 U-p ipe shaped evacuated  tube  co l lec tors  in  ser ies  

and us ing a constant  in le t  temperatu re o f  20 ℃ and f low rate  of  15 𝑘𝑔/ℎ𝑟 ∙ 𝑚2 and wi th  a  spac ing 

of  65 𝑚𝑚 between U-p ipe  ends.  The data points  taken were f rom hour  11 t i l l  15 and accord ing 

to  the  F igure  2-49 ,  there  is  a  s t rong  agreement  between the i r  resul ts  and  those reported  by 

the model  used in  th is  s tudy.  This  is  a  s t rong approval  o f  the va l id i t y o f  the developed model  

o f  th is  s tudy.  

 

Figure 2-49 Col lec to r 's  out le t  temperature compar ison for  d i f ferent  hours  of  the day and 
avai lab le i r rad iat ion  

 

F igure 2-50 va l idates the model  o f  s t ra t i f icat ion used for  the STES. For  the va l idat ion o f  the  

model ,  i t  is  used for  a  s torage tank and operat ing condi t ions reported in  an exper imenta l  

work  reported in  Oppel ,  Ghajar ,  & Moret t i ,  1986 .  In  th is  exper iment ,  a  s t ra t i f ied s torage tank 

wi th  a  pr imary un i form temperature  of  20.5 ℃ is  heated up wi th  a  hot  s t ream at  39 ℃ fo r  

d i f ferent  per iods (0.5,  1  and 1.5 hours)  a t  a  cons tant  f low rate of  1364 𝑘𝑔/ℎ.  The he ight  o f  the 

tank,  i ts  d iameter ,  t he  th ickness of  the insu lat ion are 1.93 𝑚,  1.16 𝑚 and 0.05 𝑚,  respect i ve ly.  

As seen,  the model  is accurate ly predic t ing the s t ra t i f icat ion wi th in  the tank and the  

temperatures of  d i f feren t  nodes over  the heat ing process,  which is  a  s t rong proof  o f  the  

re l iab i l i ty  o f  the model  used for  the STES.  
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Figure 2-50 Val idat ion between exper imenta l  data and va lues obta ined by STES model  
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3 ECONOMIC ANALYSIS 

Alongs ide wi th  an energy analys is ,  the economic viab i l i t y is  fundamenta l  to  determine i f  a  

setup is  feas ib le  to  implement  in  the  market ,  s ince  a technology can  be h igh ly energet ica l l y  

prof i tab le,  bu t  may be far  away f rom being lucrat ive.  For  th is ,  an economic analys is  was  

implemented,  where based on the  d imension s of  the p i t  seasonal  heat  s to rage,  energy yie ld ,  

requi rement  o f  external  energy sources,  market  costs  of  heat  and implementat ion costs ,  the  

system’s  net  present  va lue was determined  assuming a 20 year running  per iod,  accord ing to  

the reports  o f  PlanEnerg i ,  2013,  2015;  T Schmidt ,  Mangold ,  & Mül le r -Ste inhagen,  2003 .  

The  net  presen t  va lue  (NPV) represents  the  cumulat ive d iscounted  ca sh f low of  the  

cons idered usefu l  l i fe ,  i .e .  on a 20 year per iod  i t  wi l l  p rovide the sum of  the d i f ference  

between the  benef i ts  f rom the provided heat  to  the greenhouse and  the in i t ia l  costs ,  auxi l iary  

demand tar i f f  and  the charge f rom running the fac i l i ty  (O.  Paksoy,  2005) .  

The NPV was ca lcu lated via  equat ion  3.1,  where 𝑃, 𝐵, 𝐶𝐴𝑃𝐸𝑋, 𝑟 and 𝑡 are the cos ts  of  

product ion,  benef i ts ,  operat ional  and running costs ,  in terest  ra te and years .  

𝑁𝑃𝑉 = 𝐶𝐴𝑃𝐸𝑋 − ∑
𝐵 − 𝐶

(1 + 𝑟)𝑡

𝑡=20

1

, 𝑤ℎ𝑒𝑟𝑒 

𝐶𝐴𝑃𝐸𝑋 = 𝑐𝑜𝑠𝑡𝑆𝑇𝐸𝑆𝑉𝑆𝑇𝐸𝑆 

𝐵 = 𝑐𝑜𝑠𝑡ℎ𝑒𝑎𝑡(𝑄̇𝐺𝐻 − 𝑄̇𝑎𝑢𝑥) 

𝐶 = 𝑐𝑜𝑠𝑡𝑟𝑢𝑛(2%𝑄̇𝐺𝐻) 

(3 .1)  

The costs  of  implementat ion,  𝑐𝑜𝑠𝑡𝑆𝑇𝐸𝑆,  the rated pr ice of  heat ,  𝑐𝑜𝑠𝑡ℎ𝑒𝑎𝑡 and running costs ,  𝑐𝑜𝑠𝑡𝑟𝑢𝑛 

are va lues obta ined f rom l i terature,  assuming s imi lar  seasonal  heat  s torage uni ts  and shown 

in  tab le  ( IEA,  2015;  O.  Paksoy,  2005;  PlanEnerg i ,  2013,  2015;  T.  Schmidt  e t  a l . ,  2004) .  

The  repor t  f rom IEA,  2015 s tates that  overa l l  costs  of  a  p i t  seaso nal  heat  s torage  are  

concentrated f rom 40 − 250€/𝑀𝑊ℎ,  so as reference  f rom PlanEnerg i ,  2015 ,  the  construct ion 

costs  of  the charg ing un i t  were dete rmined.  As the report  s ta ted,  exc lud ing p ip ing costs  to  

d is t r ic t  heat ing and heat ing pumps that  do not  const i tu te  in  th is  case s tudy,  the i r  construct ion 

costs  for  a  PTES uni t  wi th  75000 𝑚3 was roughly 7.4 𝑀€,  thus yie ld ing a cost  per  un i t  vo lume 

of  98 €/𝑚3.  

From the  data  of  Danish Energy Agency,  2016 ,  the heat ing  product ion  cost  wi thout  operat ion  

and maintenance costs  round the 58 €/𝑀𝑊ℎ,  thus cons idered equal  to  the 𝑐𝑜𝑠𝑡ℎ𝑒𝑎𝑡.  The running  

costs ,  𝑐𝑜𝑠𝑡𝑟𝑢𝑛,  were  cons idered as 2% of  the construct ion costs  as done by O.  Paksovy,  2005;  

PlanEnerg i ,  2015 .  

From the gathered in format ion,  Table 3-1 was created to  show the inpu ts  used on the net  

present  va lue analys is  done for  a  20  years  per iod.  
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Table 3-1 Values cons idered for  NPV economic an alys is  

𝑽𝑺𝑻𝑬𝑺 𝑸̇𝑮𝑯 𝑸̇𝒂𝒖𝒙 𝒄𝒐𝒔𝒕𝑺𝑻𝑬𝑺 𝒄𝒐𝒔𝒕𝒓𝒖𝒏 𝒄𝒐𝒔𝒕𝒉𝒆𝒂𝒕 𝒕 𝒍𝒊𝒇𝒆𝒕𝒊𝒎𝒆 

𝒎𝟑 𝑀𝑊ℎ 𝑀𝑊ℎ €/𝑚3 €/𝑀𝑊ℎ €/𝑀𝑊ℎ 𝑦𝑒𝑎𝑟𝑠 𝑦𝑒𝑎𝑟𝑠 

𝟐𝟎𝟎𝟎 591 159.6 98 1.96 58 [1: 20] 20 

 

Given that  the importance of  the in te rest  ra te on a NPV study and  that  i t  is  ve ry var iab le,  

severa l  scenar ios wi th  d i f ferent  in te rest  ra tes were conducted,  in  order  to  understand the  

feas ib i l i ty o f  th is  system (Djørup,  Sper l ing,  & Østergaard,  2020;  Grøn Energ i ,  201 8).  In  

F igure 3-1,  can be seen 4 case scenar ios us ing in terest  ra tes of  1, 2, 5 and 10%.  Out  o f  the  

4 cases,  having 10% in terest  ra te  conc ludes that  the  system does  not  turn  a lmost  any prof i t  

on a 20  year  l i fe t ime,  whether  for  the remain ing ,  there  is  a  pos i t i ve  revenue,  reaching  i ts  

maximum of  209000€ o f  prof i ts  wi th  1% in terest ,  having a  payback per iod o f  9 years .  The 

remain ing 2 and 5% scenar ios demonstrated a tu rn po int  a f ter  10 and 12 years ,  respect ive ly.  

 

 

 

Figure 3-1 Net  p resent  va lue evolut ion f or  d i f ferent  scenar ios  of  in te rest  ra te  

As shown by Djørup et  a l . ,  2020 ,  the in terest  ra te in  Denmark has been decreas ing for  the 

las t  30 decades being  at  va lues bel low the 2%,  thus reaching the  conc lus ion that  fo r  the  

g iven market  t rend,  th is  setup would be p rof i tab le,  reaching 150 to  200 thousand euros of  

pos i t ive net  cash f low,  wi th  an est imated payback per iod of  9 to  10 years .  
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4 RESULTS AND DISCUSSION 

The resul ts  f rom the  model l ing process for  the charg ing -s tor ing  system and benef ic ia l  outpu t  

wi l l  be shown in  th is  chapter ,  provid ing the re levant  ou tputs  and a iming to  prove i f  the  

assumpt ions and behaviours  set  were correspondent  wi th  the resul ts .  

 

4.1 GREENHOUSE 

Model l ing a g reenhouse  showed to  be  a  complex system, depending  on  the loca l  weather ,  

spec i f ic  op t imum condi t ions of  produce  growth ,  which wi l l  a f fec t  the mater ia ls  to  use,  

avai lab le  so lar  i r rad iat ion,  vent i la t ion  rates  and the heat ing requi rements  (Von Zabel t i tz ,  

2011).  The greenhouse model led in  th is  s tudy  had as reference the work done by Mahmood 

Farzaneh-Gord et  a l . ,  2013 ,  wi th  a  bu i l t  o f  double  po lycarbonate wal ls ,  separat ing i t  f rom the  

ambient  surroundings,  wi th  a th ickness of  8 𝑚𝑚 and so lar  i r rad iat ion t ransmiss iv i t y o f  0.84.  I t  

was cons idered wi th  a g round  area of  2000 𝑚2,  a  vo lume of  6500 𝑚3,  and a ranging  min imum 

temperature  of  18 − 22 ℃,  wi th  the purpose  of  c reat ing  an opt imal  micro -c l imate for  tomato  

growth in  the reg ion  of  Aarhus,  Denmark and based on hour ly weather  da ta.  

In  F igure 4-1 i t  is  shown the heat  that  was los t  f rom the induced vent i l a t ion an d through 

wal ls  and so i l .  In  both s t reams can be seen a very s imi lar  pat tern,  where dur ing the summer  

the requi rements  a re lesser  than  dur ing  win ter ,  g iven the lower  var ia t ion between in terna l  

and ambient  temperatures.  There were 760 𝑀𝑊ℎ o f  to ta l  heat  los t  to  the envi ronment  f rom 

both ends,  where vent i la t ion a lone accounted fo r  67 % o f  i t .   

Given the  much larger  impact  f rom vent i la t ion,  i t  can be  s tated  that  the system would p rof i t  

great ly  f rom extra pass ive mechanisms,  l ike the inser t ion  o f  a  vent i la t ion heat  recovery  

system (Ooteghem, 2010;  Tak i  e t  a l . ,  2018) .  

 

Figure 4-1 Vent i la t ion and heat  losses to  surroundings  

 

The heat  losses on a greenhouse de pend great l y on the  surrounding  temperatures,  but  as  

Bendimerad,  Chermi t i ,  Mahdjoub,  Draoui ,  & Abène,  2011  suggested,  the wind speed is  a lso  
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an impor tant  fac to r  and f rom Figure 4 -2,  i t  was made the compar ison between heat  losses 

f rom the wal l s  and the year -round wind speed.  The pat tern  of  both  seems s imi lar  having i n  

common severa l  p icks,  l ike the ones  between the 6000 and  7000 hours ,  where  wind speed 

increases were accompanied by heat  loss  r ises,  thus conc lud ing that  wind was a  s t rong  

dec is ive  factor  o f  heat  losses through the cover ing f i lm.  

 

Figure 4-2 Graphica l  compar ison between wind speed and greenhouse heat  losses f rom the  

wal ls  

 

The  heat  losses through the so i l  were  very res idual ,  showing  a 1.5 % in f luence on the  heat  

losses to  surroundings and l ike i t  can be see n in  F igure 4-3,  i ts  t rend had some in f luence 

due to  the so i l ’s  temperature var ia t ion a long the year,  and due to  the semi - in f in i te  approach,  

becoming less and less s ign i f icant  as t ime passed.  (J i j i ,  2006)  

 

 

Figure 4-3  Compar ison  between the greenhouse heat  losses through the so i l  and average  
so i l  temperature  

 

As ment ioned in  chapte r  2 .1.3 ,  a  t rans ient  approach was taken to  conduct  the ca lcu lat ions 

of  heat  losses to  the so i l  assuming i t  as  a semi - in f in i te  bu lk  reg ion  and wi th  so i l  temperature  

dependent  on a co rre la t ion that  would provide  the appropr ia te  temperatu re on spec i f ic  depth  

as funct ion of  the temperature var ia t ions of  the g round’s  sur face.  

Lavine & Bergman,  2008;  Suárez,  Pino,  Rosa,  & Guerra ,  2019;  Tsui ,  L in ,  & Ding,  2014  have 

demonstrated tha t  a  co ld bu lk  reg ion  c lose to  a hot  sur face wi l l  tend to  increase  i ts  

temperature a long  t ime,  approaching the sur face’s  temperature.   
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As shown in  F igure 4-4,  the d is tance between the so i l ’s  sur face and depth at  which the  so i l  

is  a t  𝑇𝑠𝑜𝑖𝑙,  increases  in  a logar i thmic  way,  thus  becoming less meaningfu l  on  the  heat  losses 

as t ime passes.  (Bergman et  a l . ,  2011 ;  Tsui  e t  a l . ,  2014)  

 

Figure 4-4 Greenhouse heat  losses f rom in te r ior  to  so i l  and d is tance f rom soi l ’s  su r face and  
the point  o f  dep th where  the temperatu re is  cons idered constant  

 

From Figure 4-5 ,  i t  can be seen the avai lab le so lar  i r rad iat ion  upon the greenhouse and the  

heat  losses induced f rom neighbour ing reg ions.  The so lar  i r rad iat ion accounted for  a  large  

energy provider  o f  the greenhouse,  a l lowing to  susta in  i ts  min imum temperature set  on  th is  

pro ject ,  jus t  by greenhouse ef fect ,  for  34.3 % o f  the t ime by i ts  own,  whereas the energy  

requi rements  f rom the greenhouse were more not iceable dur ing the win ter  per iods g iven the 

lower ambient  temperatures and low so lar  i r rad iat ion.  I t  can a lso be seen that  dur ing the  

months of  November t i l l  February,  the so la r  i r rad iat ion was not  near ly  enough to  cope the  

demand,  which in ferred  a h igher necess i ty o f  heat  f rom the exter nal  source  dur ing th is  per iod  

(Arabkoohsar e t  a l . ,  2017;  Henson & Henson,  2006) .  

 

Figure 4-5 Graphica l  representat ion of  avai lab le so lar  i r rad iat ion and heat  demand f rom 
vent i la t ion and losses f rom wal ls  and so i l  o f  the greenhouse  
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In  F igure 4-6,  i t  can be  seen the to ta l  heat  demand that  could not  be  susta ined by so lar  

greenhouse ef fect  fo r  each month of  the year ,  wi th  the quota of  each energy source ,  be ing  

STES and auxi l iary .  Dur ing the months of  Apr i l  to  November ,  the seasonal  heat  s torage held 

the to ta l  requi rements ,  whereas dur ing  the remain ing months ,  the DH auxi l iary  source was  

necessary,  espec ia l l y for  the co lder  months of  January and December.  W hen compar ing wi th  

the work of  Arabkoohsar et  a l . ,  2017;  Mahmood Farzaneh -Gord et  a l . ,  2013 ,  the demand 

pat tern o f  the  greenhouse showed a  r is ing  necess i ty o f  external  energy sources f rom July  

t i l l  January,  and a decrease for  the remain ing.  

 

Figure 4-6  Greenhouse month ly  hea t  demand and quota of  heat  p rov ide d f rom STES and 
aux i l iary  heat  sources  

As shown in  F igure 4 -7,  every t ime the so la r  i r rad iat ion could not  cope  wi th  temperatu re  

demand,  energy f rom a p i t  seasonal  heat  s torage and auxi l iary power source would be used  

for  i ts  c l imate-contro l .  Summing a l l  hours ,  there was a to ta l  heat  demand f rom external  

sources of  591 𝑀𝑊ℎ,  f rom which  73 % was provided  by the s tored heat  o f  the p i t  and the  

remain ing f rom the  auxi l iary energy source.  
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Figure 4-7  Hour ly  greenhouse heat  demand  and prov ided hea t  f rom the p i t  and  d is t r ic t  

heat ing aux i l iary  

 

The  model l ing of  the greenhouse was pr imord ia l  to  understand  i ts  temperature and  heat  

demand pat terns,  in  order  to  be able to  model  the energy source  accord ing ly (Canakc i  &  

Ak inc i ,  2006;  Kras imirov Pavlov,  2014) .  

 

4.2 SOLAR COLLECTORS 

The so lar  co l lec tor  f ie ld  was model led assuming a var iab le f low rate would provide bet te r  

output  resul ts .  As can be seen in  F igure 4-8 the h ighest  avai lab i l i t y o f  i r rad iat ion is  shown 

dur ing the warm per iod of  the year  and consequent ly f rom Figure 4-9,  i t  is  the reg ion  where  

the f low rate is  larger ,  thus proving  the agreement  that  when the i r rad ia t ion is  too h igh,  the  

system wi l l  adapt  by increas ing the f low ra te.  On the other  hand,  dur ing low i r rad iat i ve days,  

i t  can be seen that  the f low rate was cons iderably smal ler ,  thus increas ing res idence t ime in  

the co l lec tors  (Badar et  a l . ,  2012;  Naik  et  a l . ,  2016) .  

The captu red energy f rom the co l lec tors  has shown fa i r l y low resul ts  when com par ing wi th  

the so lar  avai lab i l i t y.  As  s tated by Braun,  Kle in ,  &  Mi tchel l ,  1981;  John A.  Duf f ie ,  2013;  

Kumar & Rosen,  2011 ,  the decrease of  Volume/Area rat io  between s to rage and co l lec tors  

wi l l  cause lower so la r  coverage,  g iven  the fas ter  charges of  the p i t  and h igh  in le t  

temperatures coming f rom the bot tom of  the p i t .  
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Figure 4-8 Avai lab le i r rad iat ion  and absorbed heat  f rom the co l lec to r  f ie ld  

 

By compar ison when look ing at  F igure 4 -8 and  Figure 4-9 ,  can  be seen that  regard less o f  

the low so la r  coverage spot ted dur ing the charg ing per iod,  the out le t  temperature reached 

i ts  maximum value for  the most  par t  o f  the t ime,  conc lud ing once more,  that  g iven the h igh  

incoming temperatures f rom the s torage,  the so lar  avai lab i l i t y was to  h igh for  the condi t ions  

imposed on the co l lec tor ’s  charg ing process  (Abdoly & Rapp,  1982;  Neupauer & Kupiec,  

2017).  

 

Figure 4-9 Var ia t ion  mass f low rate  on each group of  ser ies  

 

In  F igure  4-10  i t  is  shown the temperatu re var ia t ion between in le t  and  ou t le t  o f  each g roup 

of  ser ies ,  showing  the  h ighest  temperatu re yie lds  dur ing  beginning  and end of  t he per iod.  In  
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th is  hours  the maximum temperature r ises were of  60 ℃,  thus reaching an average maximum 

3 ℃ increase per  co l lec tor  (George & Kala ivanan,  2017) .  

 

Figure 4-10 Temperature d i f ference between in le t  and out le t  o f  each group of  ser ies  

 

When analys ing the dai l y e f f ic iency  and mass f low rate  of  the ETC f ie ld  in  F igure 4 -11,  bo th 

have a s imi lar  pat tern ,  wi th  reg ions wi th  h igher  f low rates achieving  h igher ef f ic ienc ies of  

the so lar  co l lec tors ,  as the res idence t ime in  the tubes was lesser ,  thus lower ing heat  losses 

to  the surroundings ,  as s tated by Badar  et  a l . ,  2012 .  

In  the  end,  the so lar  co l lec tor  f ie ld  he ld a  low ef f i c iency of  33,5%,  which  as s tated by Dannehl  

e t  a l . ,  2013;  O.  Paksoy,  2005 ,  g iven the low vo lume-area rat io ,  the ef fect ivenes s of  so lar  

co l lec tors  decreases due to  h igher in le t  f lu id  temperatures ,  hence lower  so lar  coverage.  

 

Figure 4-11 Dai ly  ETC f ie ld 's  mass f low rate and  ef f ic iency  

 

From Table 4-1,  i t  can be seen the main important  aspects  of  the so lar  co l lec tor ’s  model l ing,  

where 𝑄̇𝐸𝑇𝐶 , 𝐼, 𝑇̅𝑓,𝑜𝑢𝑡 , Δ𝑇̅̅̅̅ 𝑜𝑢𝑡−𝑖𝑛, 𝑚̇𝑓̅̅ ̅̅ , 𝑈̅𝑙𝑜𝑠𝑠 , 𝜂𝑆𝑇𝐸𝑆, 𝐴𝐸𝑇𝐶 , 𝐴𝑡𝑜𝑡𝑎𝑙 are  the absorbed  heat  per  un i t  area,  the 

avai lab le i r rad iat ion  per  un i t  a rea  dur ing the work ing  hours ,  average year ly out le t  

temperature,  average year ly temperature d i f ference between in le t  and out le t  o f  each ser ies,  

average  year ly  mass f low rate  of  each ser i es ,  overa l l  e f f ic iency,  to ta l  aperture area and to ta l  

so lar  co l lec tor  f ie ld ’s  a rea,  respect i ve ly .  
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Badar et  a l . ,  2011  have demonstrated that  for  evacuated tube co l lec tors ,  the U -value should  

be in  the bounds of  2: 4 𝑊/𝑚2𝐾,  whereas Y.  Gao et  a l . ,  2014  s tate that  for  UpETC should be  

0.8: 2.4 𝑊/𝑚2𝐾,  thus  showing a  compr ise on the U -value obta ined in  s imulat ions.  

The overa l l  e f f ic iency,  when  compared wi th  va lues on the bounds of  30: 60 % f rom Yan Gao et  

a l . ,  2013;  George & Kala ivanan,  2017 ,  shows tha t  i t  is  in  accordance wi th  researched resul ts .  

Table 4-1 Outputs  f rom the evacuated tube co l lec tor 's  model l ing  

𝑸̇𝑬𝑻𝑪 𝑰 𝑻̅𝒇,𝒐𝒖𝒕 𝚫𝐓̅̅ ̅̅ 𝒐𝒖𝒕−𝒊𝒏 𝒎̇𝒇
̅̅ ̅̅  𝑼̅𝒍𝒐𝒔𝒔 𝜼𝑬𝑻𝑪 𝑨𝑬𝑻𝑪 𝑨𝒕𝒐𝒕𝒂𝒍 

𝒌𝑾𝒉/𝒎𝟐 𝑘𝑊ℎ/𝑚2 ℃ ℃ 𝑘𝑔/𝑠 𝑊/𝑚2𝐾 % 𝑚2 𝑚2 

𝟏𝟖𝟎. 𝟔 539.4 59.5 15.9 0.006 2.1 33.5 3000 3690 

 

F ina l ly,  i t  can be assumed that  the UpETC mo del l ing provided accurate resul ts ,  wi th  

compr is ing wi thdata  f rom the l i teratu re and managed to  provide a  to ta l  o f  33.5 % o f  the  year -

round avai lab le so lar  i r rad iat ion.  

 

4.3 PIT STORAGE 

Given the so lar  i r rad iat ion ’s  in termi t ten t  access ib i l i ty,  so lar  co l lec tors  have  been coupled 

wi th  heat  s torage uni ts ,  to  cope the necess i t ies ,  regard less of  the so lar  avai lab i l i t y  (T 

Schmidt  e t  a l . ,  2003) .  The seasonal  thermal  energy s torage p i t  su i ted the purpose o f  

harvest ing the summer h igh i r rad iat i ve days and d ispatch i t  to  the greenhouse dur ing the 

winter ,  when the heat  requi rements  were  grea ter .  From Figure 4-5,  can be seen that  the 

energy needs were not  so le ly  dur ing winte r  t ime,  which br ings the conc lus ion that  the s to rage  

uni t  was  a lso able  to  susta in  any n igh t  t ime necess i t ies ,  regard less  of  the  per iod  of  the year  

(Djemoui  e t  a l . ,  2018) .  

In  F igure 4-12 i t  is  shown the temperatu re evo lut ion on the p i t ,  wi th  in i t ia l  temperature  

gradient  f rom the las t  hour o f  the s imulat ions f rom the f i rs t  year .  As suggested by Tulus et  

a l . ,  2016,  the p i t  was in i t ia l ly charged  up to  the  s tor ing per iod,  in  which the loads f rom the  

co l lec tor  f ie ld  would be main ly to  contrad ic t  hea t  losses and eventual  d ischarges f rom the 

greenhouse n ight  needs .  Sta r t ing f rom September/October,  the greenhouse s tar ted  having 

lower avai lab i l i t y o f  so lar  i r rad ia t ion a nd wi th  more d is t ress ing weather  condi t ions,  

demanded the d ischarge of  the p i t  f rom the h ighest  heat  qual i ty reg ion,  mainta in ing opt imal  

in ternal  tempera ture on  the GH. The  d ischarg ing  per iod would las t  un t i l  no more heat  could  

be provided,  thus having  a backup auxi l ia ry  ener gy source to  ho ld the lack of  heat  f rom the  

p i t .  

Achieving s t ra t i f icat ion was one of  the goals  of  the model l ing procedure and as can be seen 

i f  F igure  4-12,  the tempera ture  of  each of  the  32 nodes dur ing  the  charg ing and d ischarg ing  
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per iod shows that  a  gradient  was  held  at  any g iven  hour ,  unt i l  the  moment  that  i t  became 

fu l ly charged (Tulus e t  a l . ,  2016) .  

 

Figure 4-12 Pi t  s torage temperature evolut ion  

 

From Figure 4 -13 can  be  seen the  evolut ion  of  the temperatu re g radient  o f  a  typ ica l  hour  o f  

the 15𝑡ℎ day of  each month  a long i ts  he igh t /node.  As demonstrated by PlanEnerg i ,  2015 ,  the  

months of  January and February demonstrated an a lmost  fu l l y -mixed tank wi th  temperature  

of  20℃,  ind icat ing i t  as  fu l ly d ischarged,  hence the ind icated h igher auxi l ia ry need on these 

months,  shown in  F igure 4-6.  From the  month of  March t i l l  June i t  is  poss ib le  to  seen a  

generated thermocl ine reg ion increas ing as  t ime passed,  thus ind icat ing  a  good s t ra t i f icat ion  

happening on the p i t .  On the months of  May t i l l  August ,  the thermocl ine reg ion a lmost  faded,  

g iven there  was a  near ly equi ty  o f  temperatu re on the nodes,  reaching  the s tates o f  fu l l y -

mixed and  fu l l y -charged  (Dincer  & Ezan,  2018) .  On the ongoing  months,  as  the h igher por t ion  

of  d ischarge demand f rom the greenhouse s ta r ted,  the temperature  of  the p i t  dec reased 

gradual ly  having a lways  h igher impact  f rom  bot tom to top nodes,  reaching a smoother  de -

s t ra t i f icat ion,  thus a l lowing the p i t  to  have h igher qual i t y o f  heat  dur ing th is  per iod.  As  

d ischarg ing mode progressed,  a l l  energy was removed f rom the uni t  reaching the s tates of  

fu l ly-mixed and  fu l l y -d ischarged on the month  of  January.  
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Figure 4-13 Temperature g radient  o f  a  typ ica l  day of  each  month  of  the running per iod  

 

One th ing  not iced f rom the months of  August  t i l l  October,  was that  even  thou gh a lmost  a l l  

the p i t  was fu l l y -charged,  on the bot tom there were accounted re tu rn loads f rom the  

greenhouse,  thus decreas ing the bot tom nodes’  temperature,  which ind icated that  even  

dur ing the charg ing per iod,  the uni t  was able to  provide heat  to  the n ight  hours  of  the  

greenhouse wi th  very l i t t le  e f fect  on the over a l l  thermal  s ta te  of  the medium (Tulus et  a l . ,  

2016).   

The neighbour ing reg ions of  the p i t  induced heat  losses throughout  the year g iven the i r  lower  

temperatures  and h igher  weather  var iab i l i t y,  as  can be seen in  F igure  4-14.  The  heat  losses 

f rom the  f igure  bel low demonstrate a s imi la r  t rend amongst  each o ther ,  where h igher losses  

were accounted dur ing the charg ing  per iod  g iven  the h igher temperature  d i f ference be tween 

p i t  a  surrounding ambient  and so i l .  Given the more s tab le var ia t ions of  temperature set  on  

the so i l ,  i t  can be seen a smoother  pat tern for  bot tom and wal ls ’  heat  losses,  when compared  

wi th  the  top  cover,  g iven that  bo th  ambient  temperatures and  wind condi t ions were h igh ly  

var iab le .  

The  losses,  when summed,  accoun ted fo r  a  to ta l  o f  105 𝑀𝑊ℎ o f  heat  los t ,  wi th  the top cover  

y ie ld ing  the  h igher  impact  o f  53.7 %,  thus conc lud ing  that  the  mo re  important  reg ion to  iso la te  

is  the top cover  (Thomas Schmidt  e t  a l . ,  2018)  and proving  that  top  hea t  losses impose the 

h igher negat i ve thermal  e f fect  on a p i t  as  Ochs e t  a l . ,  2020  suggested .  
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Figure 4-14 Heat  losses f rom top cover,  wal ls  and bot tom of  the  p i t  

In  F igure 4 -15(a)  can be seen the so i l ’s  temperature var ia t ion  a long the year,  wi th  h igher  

f luc tuat ions  on the nodes c loser  to  the so i l ’s  sur face,  hence  having more in teract ions  a nd  

dependabi l i ty  wi th  the  ou ter  weather  condi t ions.  As dep th increases,  th is  f luc tuat ions a re  

lesser ,  up  to  the poin t  where  a constant  temperature  is  reached  (Baggs,  1983;  Cui  e t  a l . ,  

2011).  F igure 4-15(b)  demonstrates the  node dependent  heat  in teract ions wi th  the so i l  on  

the f i rs t  year  per iod o f  s imulat ions and when compared wi th  F igure 4 -15(a) ,  i ts  unsteadiness  

is  greater  in  nodes wi th  h igher f luc tuat ions,  i .e .  wi th  upper  nodes (Suárez et  a l . ,  2019) .  
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Figure 4-15 Soi l  temperature var ia t ion dependent  on depth/node (a)  and heat  losses f rom 
wal ls  to  so i l  (b )  

The heat  losses f rom the bot tom and wal ls  were determined dependent  on a semi - in f in i te 

t rans ient  heat  conduct ion approach,  p redic t ing that  as t ime passes a thermal  gradient  wi l l  

be created  as d is tance  increases f rom the sur faces of  the  p i t ,  up to  the  point  that  no more 

thermal  penet rat ion  can  be achieved  on the so i l .  Given  th is  assumpt ion ,  the  d is tance 𝛿𝑠𝑜𝑖𝑙 

was p lo t ted in  F igure  4-16,  for  the  two years  per iod of  th is  s tudy,  in  wh ich can be  seen a  

logar i thmic  r ise,  reaching 18𝑚 a t  the end  of  the second year.  

Us ing the semi- in f in i te  approach led to  the conc lus ion,  that  due to  therma l  d i f fus ion  a bar r ier  

is  created a round the p i t ,  which  wi l l  induce less impact  on  the thermal  in teract ion wi th  the  

so i l ,  thus perce iv ing the s tatement  o f  Thomas Schmidt  e t  a l . ,  2018 ,  that  there is  no economic  

benef i t  in  p lac ing  insu lat ion on the  wal ls  and bot tom of  the p i t .  On the other  hand,  th is  

assumpt ion  requi res va l idat ion  due to  lack of  l i te rature resul ts .  
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Figure 4-16 Dis tance of  the so i l  a t  constant  temperature 𝑇𝑠𝑜𝑖𝑙
𝑖  and heat  losses through wal ls  

on a two year per iod  

 

In  F igure  4-17  i t  is  shown the dai l y  temperatu re pat tern on  the  top,  middle and bot tom nodes  

of  the p i t .  The top node temperature is  kept  a t  h igh constant  leve ls  for  the most  par t  o f  the  

year,  but  the win ter  t ime,  g iven  that  the tank is  complete ly d ischarged.  As demonstrated by 

PlanEnerg i ,  2015 ,  in  the beginning of  the d ischarg ing  reg ion,  the tempera ture of  node 1 fa l ls 

be low some of  the  nodes beneath ,  which con trad ic ts  s t ra t i f icat ion  qual i ty.  A poss ib le  

explanat ion  is  that  the sudden  r ise  in  demand  induces a fast  d ischarge  o f  the  top  node and  

the lack of  incoming  charged f luxes f rom the  co l lec tor  f ie ld  wi l l  c reate a  de lay on  the t ime to  

thermal ly d i f fuse wi th  the neighbour ing nodes .  On the other  hand,  g iven tha t  dur ing the  

s tor ing per iod  the  h ighest  impacts  on heat  losses were  f rom the top  cover,  can expla in  the  

fact  that  a  more therma l ly s tab le node,  l ike node 16 or  32,  could  surpass the top node ’s  

temperature fo r  br ie f  moments .  

 

Figure 4-17 Average dai l y  temperature evolut ion on top,  mid and bo t tom nodes  
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Last ly the overa l l  resu l ts  f rom the p i t  are shown in  Table 4-2,  where 𝜂𝑆𝑇𝐸𝑆 , 𝑄̇𝑐ℎ𝑎𝑟𝑔,  𝑄̇𝑆𝑇𝐸𝑆, 𝑄̇𝑑𝑖𝑠𝑐ℎ,

𝑄̇𝑙𝑜𝑠𝑠, 𝑈̅𝑡𝑜𝑝, 𝑈̅𝑤𝑎𝑙𝑙 , 𝑈̅𝑏𝑜𝑡𝑡𝑜𝑚 , 𝑁𝑛𝑜𝑑𝑒𝑠 , 𝑉𝑆𝑇𝐸𝑆, Δ𝑇𝑚𝑎𝑥 and Δ𝑇𝑖−𝑓 are the  ef f ic iency of  the  p i t ,  charged  heat  

f rom ETC, d ischarge to  the GH, average  overa l l  heat  t ransfer  coe f f ic ien t  o f  top,  wal ls  and  

bot tom, number of  cons idered nodes,  vo lume of  p i t ,  temperature d i f ference between 

maximum tempera ture and min imum of  the p i t  and temperatu re d i f ference between the  f ina l  

and in i t ia l  hour  o f  the second pe r iod.  

Table 4-2 Overa l l  f ina l  parameters  of  the  STES obta ined f rom the  ca lcu lat ions  

𝜼𝑺𝑻𝑬𝑺 % 𝟖𝟎. 𝟓 

𝑸̇𝒄𝒉𝒂𝒓𝒈 𝑀𝑊ℎ 541.7 

𝑸̇𝑺𝑻𝑬𝑺 𝑀𝑊ℎ 436.0 

𝑸̇𝒅𝒊𝒔𝒄𝒉 𝑀𝑊ℎ 431.4 

𝑸̇𝒍𝒐𝒔𝒔 𝑀𝑊ℎ 105.7 

𝑼̅𝒕𝒐𝒑 𝑊/𝑚2𝐾 0.37 

𝑼̅𝒘𝒂𝒍𝒍 𝑊/𝑚2𝐾 0.15 

𝑼̅𝒃𝒐𝒕𝒕𝒐𝒎 𝑊/𝑚2𝐾 0.15 

𝑵𝒏𝒐𝒅𝒆𝒔 − 32 

𝑽𝑺𝑻𝑬𝑺 𝑚3 2000 

𝚫𝑻𝒎𝒂𝒙  ℃ 64.3 

𝚫𝑻𝒊−𝒇 ℃ 0.25 

 

From Table 4-2 i t  can be  seen that  a  res idual  amount  o f  energy was le f t  in  the p i t ,  which can  

a lso be conc luded by  the  pos i t ive,  a l though rather  smal l ,  va lue  of  the temperature  d i f ference  

between in i t ia l  hour  and f ina l  hour o f  the p i t ,  Δ𝑇𝑖−𝑓.  

Last ly,  i t  can  be s tated  that  the p i t  s torage  fo rmulat ion taken  in  th is  s tudy p rovided a  

sat is factory behaviour ,  managing to  provide 431.4 𝑀𝑊ℎ o f  heat  to  the greenhouse,  so coping  

73 % o f  the demand and  yie ld ing an overa l l  year l y e f f i c iency of  80.5 %.   



Thermo-Economic  Anal ys is  o f  a  So la r  P i t  Seasonal  Thermal  Energy  S to rage fo r  Greenhouse Hea t i ng  

96 

 

 

5 CONCLUSIONS 

This  thes is  had the a im of  understanding the  thermo-economic  feas ib i l i ty o f  a  so lar  p i t  

thermal  energy s torage  uni t ,  us ing water  as medium and a charged by an evacuated tube  

co l lec tor  f ie ld ,  wi th  the purpose of  reaching the  heat  demand of  a  tomato growth g reenhouse  

farm, thus  hold ing  in ternal  min imum temperatures to  provide  tomatoes an opt imal  

microc l imate for  u l t ima te  sprout .  

Understanding the hea t  demand pat tern of  the g reenhouse mani fested a  pr imord ia l  goal  to  

proper ly set  d imensions and condi t ions of  both PTES and UpETC uni ts .  Reaching th is  t rend,  

led to  a search  of  the  avai lab le  so lar  i r rad iat ion on the g reenhous e,  i t s  poss ib le  weather  

impacts  and so ,  determin ing the mater ia ls  and  d imensions to  be implemented.  

The  greenhouse  showed a contro l led microc l imate f rom d i rect  so la r  i r rad iat ion on 33.4 % o f  

the t ime and for  the remain ing par t  o f  the s tud ied per iod ,  requi r ing a id  f rom an externa l  

source.  The heat  demand was more  impacted by a i r  renovat ions,  which  led to  the  conc lus ion 

that  pass ive heat ing sys tems,  l ike vent i la t ion heat  recovery systems,  could be implemented 

to  decrease heat  needs.  Al though,  the genera l  most  requi red energy f rom the greenhouse 

was spot ted dur ing the winter  season of  the year,  i t  was a lso denoted heat  demands on the  

remain ing months,  coming to  the conc lus ion tha t  days wi th  harsher weather  condi t ions and  

n ight  t ime heat  losses cannot  be ent i re l y susta ined by so la r  i r rad iat ion.  

To s tand the hea t  demand,  a  so lar  co l lec tor  f ie ld  of  3000 𝑚2 wi th  U-p ipe shaped evacuated  

tube co l lec tors  was used to  harves t  the  so lar  i r rad iat ion.  The se co l lec tors  were model led  

wi th  a  t rans ient  f low ra te ,  dependent  on h ighest  out le t  tempera ture yie ld ,  a iming to  increase  

so lar  coverage,  in  which  f low ra te adaptabi l i t y was reached,  showing a good compr ise of  the 

system.  

When determin ing a vo lume-area ra t io  lower  than  1,  the so lar  coverage decreased,  but  

coming as necess i t y so that  economical  u t i l i ty  could be reached.  The co l lec tor  f ie l d  provided  

541.7 𝑀𝑊ℎ o f  energy to  the  s torage uni t ,  having  an overa l l  e f f ic iency of  33.5 %,  which  showed 

to  be in -between expected bounds .  

Solar  i r rad ia t ion is  an in termi t tent  energy source  that  o f ten possesses a far  devia t ion f rom 

at ta inabi l i t y and necess i ty,  making s torage uni ts  a  cruc ia l  par t  on so lar  heat ing systems.  In  

the s imulat ions,  the co l lec tor  f ie ld  reached 541.7 𝑀𝑊ℎ and the heat  demand of  the greenhouse 

was of  591 𝑀𝑊ℎ,  which  could ind icate that  so lar  co l lec tors  d i rect ly connected to  the  

greenhouse could cope most  necess i t ies .  In  rea l i ty,  dur ing the d ischarg ing per iod,  the  

harvested energy f rom the ETC f ie ld  was lower than 30 % o f  i ts  to ta l  y ie ld ,  whereas the  

greenhouse showed more than 67 % o f  the to ta l  demand in  the same per iod,  thus conc lud ing  

the mandatory necess i ty  o f  an energy s to r ing uni t .  

The  s torage uni t  se lected for  the s imulat ions was a p i t  s torage,  recessed beneath the  

ground’s  sur face,  wi th  a to ta l  depth of  14 𝑚,  separat ing the f lu id  and so i l  wi th  a  po lypropylene  

l iner  and insulated on the top cover by a layered polypropylene sheet ,  denominated  

NOMALEN (PlanEnerg i ,  2013;  Thomas Schmidt  e t  a l . ,  2018) .  The s to rage was cons idered 
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wi th  a  to ta l  operat ing  vo lume of  2000 𝑚3 f i l led wi th  water  and wi th  maximum operat ing  

temperature of  85℃.  I ts  purpose was to  achieve the h ighest  heat  demand of  the greenhouse,  

under the constra in t  o f  reaching opt imal  net  cash f low benef i ts .  

The  energy model l ing  s t ra tegy was  done based on heat  ba lance  between in ternal  energy,  

surroundings and  in  and out  f luxes  of  the  GH and UpETC f ie ld .  For  th is ,  a  mul t i -node  

approach was conducted ,  by d iscr et i z ing the vo lume on a ser ies of  sub -vo lumes wi th  thermal  

condi t ions g iven by the most  centred reg ion of  each d iscret ised reg ion,  ca l led node.  The  

mul t i -node approach turned out  to  be a  good approximat ion  of  the ver t ica l  thermal  behaviour  

o f  the uni t ,  managing  to  expla in  s t ra t i f icat ion ,  thermal  mixing  between nodes,  heat  losses to  

surroundings and ef fects  f rom enter ing  and exi t ing f luxes wi th  dynamic thermal  condi t ions.  

Us ing the charge and  d ischarge coef f ic ients ,  a l lowed the  choos ing of  the reg ion in  which  

incoming charged and d ischarged f lows  would mix wi th ,  thus  promot ing  h igher s t ra t i f icat ion  

qual i ty  and set t ing incoming f luxes  to  the ETC and GH on  the  bot tom and top,  respect i ve ly,  

showed a h igher qual i t y o f  avai lab le hea t  to  the g reenhouse and lower in le t  temperatures on  

the ETC f ie ld ,  thus increas ing so lar  coverage.  

A t rans ient  conduct ion heat  t ransfer  approach was cons idered between the wal ls  and bo t tom 

of  the p i t ,  cons ider ing the surrounding g round as a semi - in f in i te  bu lk  reg ion that  due  to  

thermal  d i f fus ion would create a thermal  bar r ier  near the wal ls ,  increas ing as t ime passed.  

The heat  losses accounted for  19.5 % o f  the to ta l  hea t  provided f rom the ETC f ie ld ,  which  

went  wi th  accordance  wi th  the l i te rature .  The  h igher impact  on  heat  losses come f rom the  

top cover,  proving  to  be  the reg ion wi th  h igher  necess i ty  o f  insu lat ion  (Thomas  Schmidt  e t  

a l . ,  2018).  Even though the resul ts  he ld s imi lar  resul ts  to  past  works,  i t  would be requi red  

fur ther  s tud ies to  unders tand the t rue feas ib i l i t y o f  th is  approach.  

In  the end,  the p i t  provided a  thermal  behaviour  s imi lar  to  p resent  cases in  l i terature,  

conc lud ing i t  as  feas ib le  numer ica l  model ,  wi th  436 𝑀𝑊ℎ o f  thermal  capac i ty,  complet ing 

a lmost  3  cyc les of  charg ing -d ischarg ing  per  year-per iod  (Schach  & Wol ls te in -Lehmkuhl ,  

2018),  wi th  an overa l l  e f f ic iency of  80.5 %.  From the s tored heat ,  i t  provided  98.9 % o f  i ts  

energy,  reaching 73 % o f  the to ta l  heat  demand of  the g reenhouse farm , wi th  remain ing energy 

coming f rom an auxi l iary  energy source f rom the d is t r ic t  heat ing net .  

Along wi th  the energe t ic  analys is ,  a  ne t  present  va lue economic approach was taken for  a  

l i fe -cyc le  of  20 years ,  where a net  cash f lo w was done for  every year  summing a l l  in  and out  

f lows of  previous  running years .  Us ing the NPV,  economic feas ib i l i t y  was reached,  when  4  

case scenar ios ,  wi th  in te rest  ra tes of  1, 2, 5 and 10 % in terest  ra te,  were s tud ied and showed  

pos i t ive  benef i ts  on the las t  year  o f  the l i fecyc le .  Given the present  in terest  ra tes in  Denmark  

range the 1 − 2 %,  the prospected payback per iod was of  10 years  wi th  a benef i t  o f  200 

thousand euros in  the  end of  the l i fe -cyc le .  

Last ly,  conduct ing a  numer ica l  s imulat ion of  a  so l ar  p i t  thermal  energy  s to rage uni t  for  micro-

c l imate  contro l  o f  a  tomato greenhouse in  the reg ion of  Aarhus,  Denmark,  proved to  be a  

chal lenging s t ra tegy,  bu t  y ie ld ing  pos i t i ve energet ic  and economic revenues,  thus proving 
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the feas ib i l i t y o f  the implementa t ion of  these  uni ts  on the farming industry ,  a l lowing to  

decrease the l iab i l i t y on foss i l - fue l  based heat ing  systems.  
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6 FUTURE WORKS 

Even though ,  compr is ing resul ts  were achieved in  th is  thes is ,  i t  can be denoted tha t  fur ther  

s tud ies could be done to  increase i ts  feas ib i l i t y.  

-  Af ter  the  resul ts  were d iscussed,  i t  was poss ib le  to  conc lude that  the greenhouse  

could be fu r ther  s tud ied wi th  the in t roduct ion  of  pass ive mechanisms,  l ike the  

in t roduct ion of  nor th  wal ls  or  the usage of  vent i l a t ion heat  recovery ;  

-  The co l lec to r  f ie ld  showed a smal l  so lar  coverage,  which would requi re a  compar ison  

s tudy,  to  understand the  most  f i t t ing k ind of  co l lec tors  between ETC and FPC, g iven  

the lower  costs  of  i t ;  

-  The semi- in f in i te  conduct ion heat  t ransfer  approach could fur th er  benef i t  o f  an  

exper imenta l  work  to  check the compr is ing wi th  the numer ica l  s imulat ions;  

-  Last ly,  a  mul t i -ob ject i ve opt imizat ion analys is  could be taken to  reach h igher thermo -

economic prof i ts  and conf idence level .  
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8 ANNEXES 

In  th is  chapter ,  the regress ions of  thermal  propert ies  of  the a i r  and water  us ing data f rom 

ASHRAE, 2017 us ing the tendency l ine too l  f rom Microsof t  Excel  2013 ,  us ing quadrat ic ,  

potent ia l  and l inear  regress ions to  achieve the h ighest  𝑅2 va lue.  As can be seen f rom Figure  

8-9,  the wate r ’s  spec i f ic  heat  had the lowest  𝑅2 va lue,  but  even though,  i t  i s  s t i l l  poss ib le  to  

expla in  a lmost  96% o f  the  overa l l  va lues in  that  range and bear ing in  mind that  the var iab i l i t y  

o f  the spec i f ic  heat  is  fa i r ly low.  

I .  REGRESSIONS OF THERMAL CHARACTERISTICS OF AIR 

 

Figure 8-1 Regress ion o f  dens i ty  o f  a i r  f rom data  

 

 

Figure 8-2 Regress ion o f  dynamic v iscos i ty  o f  a i r  f rom data  
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Figure 8-3 Regress ion o f  thermal  conduct iv i ty  o f  a i r  f rom data  

 

 

Figure 8-4 Regress ion o f  the spec i f ic  heat  o f  a i r  f rom data  
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Figure 8-5 Regress ion o f  Prandt l  number of  a i r  f rom da ta  

 

I I .  REGRESSIONS OF THERMAL CHARACTERISTICS OF PURIFIED WATER 

 

 

Figure 8-6 Regress ion o f  dens i ty  o f  wa ter  f rom data  
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Figure 8-7 Regress ion o f  dynamic v iscos i ty  (𝑚𝑃𝑎 ∙ 𝑠)  o f  water  f rom data  

 

 

Figure 8-8 Regress ion o f  thermal  conduct iv i ty  o f  water  f rom data  
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Figure 8-9 Regress ion o f  spec i f ic  heat  o f  water  f rom da ta  
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