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Abstract 

The work represents a review on various advancements done in the field of Solar Water Heaters. This review paper 
includes various innovations and integrations done in SWTs to improve its efficiency so that the over dependency on 
fossil fuels for fulfilment of energy can be minimized. Various new techniques and experiments perfomed are included.   
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 Introduction 
 
Either  thermal  or  electrical  energy  is  crucial  for  the  social  devel- opment in rural areas (Liu et al., 2018). With the 

currently unsustain- able  energy  system,  tremendous  efforts  are  still  needed  to  ensure equitably energy demand for 

the future generations by providing clean, secure and affordable alternatives (Allouhi et al., 2017a). Solar energy has  the  

most  important  potential  to  fulfill  the  increasing  energy  re- quirements  (Kabir  et  al.,  2018).  Both  thermal  and  

photovoltaic  con- versions of solar energy have been a focal research point over the last years  academically  and  

industrially  (Allouhi  et  al.,  2017b).  The  main aim of the deployed efforts is to improve performance and reduce costs 

(Sampaio  and  González,  2017;  Kalogirou  et  al.,  2016).  Solar  water heaters (SWH) have gained particular interest as 

a promising option for satisfying  hot  water  requirements  worldwide  (Wang  et  al.,  2015). Currently,  various  SWH  

designs  are  available  in  the  market  with increasingly  decreasing costs  (Islam et al., 2013). Globally,  a total in- 

stalled capacity of 410.2 GWth  was reached, which is equivalent to 586 million  square  meters  of  collector  surface  

(Mauthner  et  al.,  2016).  In urban areas, passive thermosyphonic SWH are often preferred for hot water  production  in  

the  residential  sectors  (Gautam  et  al.,  2017).  In turn,  active  SWH  using  circulating  pumps  are  more  adapted  to  

large commercial and industrial applications (Jaisankar et al., 2011). For low income communities residing in rural areas, 

integrated collector storage solar water heater (ICSSWH) can meet a considerable portion of the hot water  demand  

(Singh  et  al.,  2016).  These  systems  are  gaining  popu- larity  as  they  present  higher  reliability,  simpler  designs  

and  lower prices.  Accordingly,  they  can  be  more  adapted  to  rural  regions  pos- sessing more potential solar energy 

sources (Nieuwoudt and Mathews, 

2005). The main drawback of these systems lies in their high heat losses during  night  periods.  Extensive  research  

works  were  conducted  to overcome  this  problem  and  several  modified  designs  were  proposed 

 

Nomenclature 
 

P                pressure (Pa) 

T                temperature (K) 
t                 time (s) 
→g                acceleration of gravity vector (m/s2) 
V                fluid velocity vector (m/s) 
H               specific enthalpy (J/kg) 
Cp                    specific heat capacity (J/kg K) 

href                  enthalpy at reference temperature (J/kg) 

L                latent heat of PCM (J/kg) 
f                 liquid fraction (%) 

r                 reduction in missed thermal energy (%) 

Qmissed          missed thermal energy (kWh) 
Twi                   water inlet temperature (K) 
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Examining the open literature, one can remark that the main research contributions  concerned  improved  practices  for  

efficient  energy  col- lection and heat storage (Helal et al., 2011; Souliotis et al., 2013; Kumar and  Rosen,  2011).  

Earlier,  triangular  and  rectangular  ICSSWHs  with transparent insulation were introduced in many studies (Prakash et 

al., 

1994; Garg et al., 1988). These studies focused on the optimization of the thickness of the transparent insulation for the 

best performance of the  system.  An  immersed  tube  heat  exchanger,  inside  a  flat  plate ICSSWH  was  examined  

by  Gertzos  et  al.  (2010)  to  intensify  the  heat transfer  from  the  stored  water  to  the  service  water.  

Tripanagnosto- poulos  and  Souliotis  (Tripanagnostopoulos  and  Souliotis,  2004)  pre- sented  a  cylindrical  

horizontal  water  storage  tank  placed  inside  the stationary  truncated  asymmetric CPC reflector. Authors  compared 

the new  configuration  with  a  symmetric  CPC  reflector  and  with  a  typical thermosiphonic  unit.  It  was  pointed  

out  that  the  proposed  design  de- monstrated  better  preservation  of  hot  water  temperature  during  the night. 

Garnier et al. (2009) studied and optimized a rectangular-shaped box assembling the solar collector and storage tank into 

a single unit, longitudinal   stratification  of   temperature   within  the   collector   was modeled  and  the  system  

efficiency  was  discussed.  Kumar  and  Rosen (2010) have introduced a corrugated absorber surface over plane sur- 

face in the ICSSWH. Without making significant increase in the system price, this configuration has allowed significant 

efficiency improvement at  higher  outlet  temperature.  Further  recent  investigations  regarding improving  thermal  

efficiency  and  storage  capacity  of  ICSSWH  can  be found in (Souliotis et al., 2017; Devanarayanan and Murugavel, 

2014; Ziapour et al., 2014; Swiatek et al., 2015; Souza et al., 2014). 

Latent heat thermal energy storage is one of the most efficient ways to  store  thermal  energy  received  from  sun  

(Kousksou  et  al.,  2014; Mohamed et al., 2017; Dinker et al., 2017). 

Many  investigations  dealt  with  this  topic  especially  in  separated solar water heaters by incorporating Phase 

Change Materials (PCMs) in hot storage tanks. In this regards various designs have been proposed. Comprehensive 

reviews of the most relevant designs and improvement can be found in recent papers (Seddegh et al., 2015; Kee et al., 

2018). 

The use PCM in ICSSWH seems to be an interesting opportunity for extending operational period of hot water 

production (Mazman et al., 

2009;  Mahfuz  et  al.,  2014;  Kousksou  et  al.,  2008;  El  Qarnia,  2009). Eames and Griffiths (Reddy, 2007) studied 

heat collection and release of  heat  in  the  rectangular  ICSSWH  filled  with  water  and  different concentrations  of  

PCM  slurries  of  a  65 °C  phase  change  temperature. The analysis showed that storing energy at a higher temperature 

in the PCM   slurry   permitted   greater   performances.   Reddy   (Eames   and Griffiths,  2006)  studied  an  ICSSWH  

comprising  a  double  rectangular enclosure  incorporating  paraffin  wax  on  its  top  surface  while  water flows in the 

bottom. The analysis showed that the system utilizing 9 fins led to a maximum water temperature and minimum heat 

losses to the ambient. The potential of using PCM in an ICSSWH with a cylindrical 

water  storage  tank  fixed  in  a  compound  parabolic  concentrating  re- flector has been examined using 3D CFD         

simulations by Chaabane et al. (2014).  Myristic  acid  and  RT42-graphite  were  considered  as  tested PCMs and three 

radiuses of PCM layers were analyzed. Both PCMs af- fected  positively  heat  preservation  of  the  system  with  a  

remarkable superiority  of  myristic  acid.  Recently,  Al-Kayiem  and  Lin  (2014)  in- vestigated experimentally a flat 

plate ICSSWH operating with paraffin wax as a PCM and a nanocomposite of paraffin wax with 1.0 wt% of 20- nm 

nano-Cu  particles. Optimum inclination  of the collectors  was esti- mated  to  10°  for  the  installed  system  in  

Malaysian  university.  An  in- crease of thermal efficiency by 3.5% was reported when using paraffin wax. 

Many  authors  (Ali  Fazilati  and  Alemrajabi,  2013;  Papadimitratos et  al.,  2016;  Kılıçkap  et  al.,  2018)  

conducted  experimental  studies  on the   application   of   PCMs   in   solar   water   heaters.   Ali   Fazilati   and 

Alemrajabi (2013) experimentally investigate the effect of PCM on solar water heater performance. They found that 

energy storage density in- creased  up  to  39%  and  water  supply  more  than  25%  longer  by  using PCM  as  

compared  to  without  PCM.  Papadimitratos  et  al.  (2016)  pre- sented  a  novel  method  of  PCM  encapsulation  in  

evacuated  tube  col- lector  based  (ETC)  based  solar  water  heater  (SWH)  which  uses  two different  PCMs  viz.  

Tritriacontane  and  Erythritol.  The  efficiency  im- provements were found to be 26% and 66% for normal and 
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stagnation mode, respectively as compared to SWHs without PCM. Kılıçkap et al. (2018) performed an experimental 

study on the encapsulation of PCM in  flat  plate  collector  based  solar  water  heater  under  Elazığ  climatic conditions  

in  the  months  of  July-November.  The  maximum  collector efficiency with PCM was found to be 58% which was 2% 

higher than that  of  without  PCM  in  the  month  of  July.  Therefore,  in  general,  the performance of solar collectors 

with PCM were found to be higher than those  of  solar  collectors  without  PCM  which  is  further  confirmed  by Khan 

et al. (2018) and Pandey et al. (2018) in the form of review pa- pers. 

As can be seen from the literature review, using PCMs to enhance the performance of ICSSWH is not extensively 

discussed compared with separated  SWHs.  Further  simulation  works  are  therefore  required  to identify best 

conditions of using latent heat storage for these particular systems. Selection of material, its position and how the 

thermal beha- vior of the PCM-based ICSSWH is affected by operating conditions and weather data are tremendous 

aspects that should be decided judiciously for a better exploitation of latent energy for maximum solar fractions. In  this  

paper,  a  2-D  numerical  model  is  investigated  to  justify  the benefits of using PCM in a low-cost and simple design 

ICSSWH to be in use  by  low  income  communities  living  in  rural  regions.  Optimizing melting/solidification  

processes  are  investigated  and  key  operating conditions   are   studied   under   real   fluctuating   climatic   

conditions. Moreover, a new performance index is introduced to assess the benefit of using PCMs compared to basic 

configurations in such particular solar thermal applications.     
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Results and Discussions:  

 

A plot of the incident solar ra- diation and external ambient temperatures is presented in  Fig. 3. The maximum  global  

solar radiation  is recorded  at midday  with values  in the  range  of  800–1120 W/m2.  Ambient  temperatures  exceed  

296 K during the daytime period and fall below 284 K during late hours of the night. 

A significant part of the incident solar radiation penetrates through the glass cover and is absorbed by the metallic 

absorber plate according to  the  value  of  the  transmittance-absorbance  product.  The  upcoming energy  causes  an  

elevation  of  the  absorber  temperature.  The  thermal behavior of the collector absorber is shown in Fig. 4. During the 

day- time,  heat  is  transmitted  to  water  and  then  to  the  PCM.  The  melting process takes place while storing a 

certain amount of thermal energy. At night,  the  absorber  gets  cooled  and  the  water  temperature  decreases. The  

PCM  gets  solidified  and  release  heat  which  significantly  increase the  water  temperature  even  during  the  night.  

Maximum  absorber temperatures  for  the  first  and  third  days  are  around  340 K.  A  more important value  of the 

maximum absorber temperature (364 K) is ob- served during the second day. Minimum temperatures of the absorber are 

in the range of 288–295 K.  
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