
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Jul 15, 2025

Heat storage units using a salt hydrate as storage medium based on the extra water
principle

Furbo, Simon

Publication date:
1982

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Furbo, S. (1982). Heat storage units using a salt hydrate as storage medium based on the extra water principle.
Technical University of Denmark, Department of Civil Engineering.

https://orbit.dtu.dk/en/publications/85ca72b1-5b88-4512-973d-1dfcca4397fd


THERMAL INSULATION LABORATORY 

TECHNICAL UNIVERSITY OF DENMARK 

HEAT STORAGE UN%TS USING A SALT HYDRATE 

A S  STORAGE MEDIUM BASED ON THE E X T R A  

W A T E R  PRINCIPLE. 

M E D D E L E L S E  NR. l l 6  

J A N U A R Y  1 9 8 2  





TABLE OF' CONTENTS ............... .- .................. 

1. INTRODUCTION . THE EXTRA WATER PRINCIPLE e e e * e e e e e e e a e 2 

. . . . . . . . . . . . . . . . . . .  2 .  1 T h e h e a t o f f u s i o n s t o r a g e u n i t  - 5  

2. 2 The inves t i ga t ed  s a l t  water mix tures  . . . . . . . . . . . . . . . . .  8 

2,.3 Tile chemical s t a b i l i t y  of l i q u i d  sodium th i .osu2fa te  pentahydra te  . . 18 

2.3. 1 In t roduc t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

2.3.2ExperimentaE . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

2.3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 

B e  WXIKTSPROMTHEEXPERIMENTS e e e a e 8 e 0 e e e e e e 0 a a e e 33 

$ , l  Resu l t s  from t h e  experiments wi th  t h e  h e a t  s t o r a g e  u n i t  wi th  t h e  

NaGM3@00 water  mixture . . . . . . . . . . . . . . . . . . . . .  33 

4. 2 Resul t s  from t h e  experiments wi th  t h e  h e a t  s t o r a g e  u n i t  wi th  t h e  

N a 2 ~ 2 0 3 w a t e r m i x t u r e  . . . . . . . . . . . . . . . . . . . . . .  41 

4.3 Resul t s  from t h e  experiments wi th  t h e  hea t  s t o r a g e  u n i t  wi th  t h e  

N~~EIPo$ water  mix.tu.re . . . . . . . . . . . . . . . . . . . . . .  49 

4. 4 Wesul.ts from t h e  experirflents w i t h ,  t h e  h e a t  s t o r a g e  un.it  wi th  t h e  

Wa2C03 water  mixture  e . . . . .  e a . . * . . . . .  o . . . . .  56 

4.5 Resu.1.t~ from t h e  experiments wi th  'che h e a t  s t o r a g e  u n i t  with t h e  

Na2S04 water  rnix%.la.re . . . . . . . . . . . . . . . . . . . . . .  64 

4. 6 Resul t s  from t h e  experiments wi th  t h e  hea t  s t o r a g e  u n i t  with water  71 



4,7 Summary o f  t h e  r e s u l t s  from t h e  experiments and t h e  dynamic behaviour 

of t h e  hea t  s to rage  u n i t  . . . . . . . . . . . B D . . . B 79 

5. THE YEARLY T H E W A L  P E R F O W N C E  OF SOLAR HEATING SYSTEMS FOR DOMESTIC 

HOT WATER SUPPLY WITH BEAT OF FUSION STORAGE AND HOT WATER STQRAGES * e 83 

5.1 Assumptions f o r  t h e  c a l c u l a t i o n s  . . . . . . . . . . . . . . . . 8 3  

5.2 Resules from t h e  c a l c u l a t i o n s  . . . . . . . . . . . . . . . . . . . R 6  

5 e 3  Comparison of c a l c u l a t i o n s  with t h e  mathematical model and measure- 

ments from t h e  dynamic experiments . . . . . . . . * . @ . . . . 98 
5*4  Economic cons ide ra t ions  concerning hea-'c of f u s i o n  s t o r a g e s  and trot 

w a t e r s t o r a g e s  . B . . e  B B  . . . D . B  B . a . . B . . . l O O  

6 .  CONCLUSION * . .  . e . e . e . e e . e . l 1 0  

L I T E M T U m  REFERENCES . . . . . . . B . . . . . . . . B . . . . B . . 111 



LIST OF SYPIBOLS 

Qs : Heat con ten t  of t h e  h e a t  s to rage  u n i t ,  Wh 

T :  Time, h 

Q, : 
The power which i s  t r a n s f e r r e d  from t h e  s o l a r  c o l l e c t o r  

f l u i d  t o  t h e  hea t  s to rage ,  W 

IZl0ss : 
Thermal l o s s  from t h e  h e a t  s to rage  u n i t ,  W 

m : 3 The s o l a r  c o l l e c t o r  f l u i d  flow through t h e  h e a t  s to rage ,  m /S 

C ; Spec i f i c  h e a t  of  t he  s o l a r  c o l l e c t o r  f l u i d ,  J /kg  
P 

P : Density o f  t h e  s o l a r  c o l l e c t o r  f l u i d ,  kg/m3 

T : Temperature o f  t he  s o l a r  c o l l e c t o r  f l u i d  e n t e r i n g  t h e  h e a t  
i n  

s to rage ,  OC 

T e  Temperature of t h e  s o l a r  col]-ector  f l u i d  leaving  h t e  h e a t  
ou t  

0 
s to rage ,  C 

0 
T :  Mean temperature of  t h e  h e a t  s to rage ,  C 

S 

0 
T :  Temperature of  t h e  ambient a i r ,  C 

a  

(UA) : Thermal l o s s  c o e f f i c i e n t  f o r  t h e  h e a t  s to rage ,  W/OC 

AQs : Heat conten t  of t h e  h e a t  s to rage  u n i t  i n  t h e  hea t ing  

temperature i n t e r v a l ,  Wh 

T : Dura.tion o f  h e a t i n g  per iod ,  h 
hea t ing  

(UN) : 
0 

Beat t r a n s f e r  power p e r  C temperature d i f f e r e n c e  between 

t h e  s o l a r  c o l l e c t o r  f l u i d  and h e a t  s to rage ,  W/OC 

ul: Eff ic iency  of  t h e  s o l a r  c o l l e c t o r ,  a b s t r a c t  

T :  Mean temperature o f  t h e  s o l a r  c o l l e c t o r  f l u i d  i n  t h e  s o l a r  
m 

0 
c o l l e c t o r ,  C 

0 T :  Outdoor temperature,  C 
0 

I : Sola r  r a d i a t i o n  on. t h e  s o l a r  col]-ector ,  ~ / m  2 

Qu : Power gained from t h e  s o l a r  c o l l e c t o r ,  W 

T ;  Temperature o f  t h e  co ld  water e n t e r i n g  t h e  h e a t  s to rage  c  
0 

dur ing  tapping,  C 



Mean temperature of t h e  ?lot wa.ter rnixed of co ld  water and 
0 

water from the  h e a t  s to rage  during- a ta.,ppi.ng per iod ,  C 

Mtap '  
Tapped volume of  ho t  water mixed of co ld  water and water 

from the  h e a t  s torage  dur ing  a tapping weriod, I 

I,, : Energy tapped o f f  t h e  h e a t  s to rage  dur ing  a tapping 

per iod ,  Wh 

Number o f  days i n  t h e  summer ti.me with t h e  o i l  hurner 

turned o f f ,  days 

The f r a c t i o n  of  t he  summer time h e a t  requirement which i s  

received from t h e  s o l a r  hea t ing  system, a b s t r a c t  



LIST OF TABLES 

............................. Table I.. Data f o r  t h e  h e a t  s to rage  u n i t  7 

Table 2.  The inves t iga t ed  s a l t  water mixtures  ....................... 9 

.............. Table 3. Data f o r  t h e  inves t iga t ed  s a l t  water mixtures  10 

Table 4 .  Beat s to rage  capac i ty  of t h e  NaCB COO water mixture with 3 
0.58 a s  t h e  f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water  

mixture based on weight l l .................................... 
Table 5. Beat s to rage  capac i ty  of t h e  Na S 0 water mixture with 2 2 3 

0 , 6 l  a s  t h e  f r a c t i o n  of anhydrous s a l t  i n  t he  s a l t  water 

mixture based on weight 1 2  .................................... 
Table 6. Beat s to rage  capac i ty  of  t he  Na HP0 water mixture with 2 4 

0-27 a s  t h e  f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water 

mixture based on weight .................................... 1-3 

Table 7, Heat s to rage  capac i ty  of  t h e  Na CO water mixture wi th  2 3 
0-33  a s  t h e  f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water 

mixture based on weight ..............a..................... 14 

Table 8. Beat s to rage  capac i ty  of  t he  Na SO water mixture wi th  2 4 
0.33 a s  t h e  f r a c t i o n  of anhydrous s a l t  i n  t he  s a l t  water 

mixture based on weight 15  .................................... 
Table 9. Resul t s  of measurements of t h e  chemical s t a b i l i t y  of l i q u i d  

sodium t h i o s u l f a t e  pentahydrate  ............................. 2 0 

Table 10. Heat s to rage  ma te r i a l s  invest igated.  i n  t h e  h e a t  of  

fus ion  s to rage  u n i t  ........................................ 33 

Table 11. Thermal l o s s  c o e f f i c i e n t  f o r  t h e  h e a t  s to rage  u n i t  with 

t h e  NaCB COO water mxiture a t  d i f f e r e n t  s to rage  temperatures  33 3 

Table 1 2 .  Heat conten t  of  t h e  h e a t  s to rage  u n i t  with t h e  NaCH COO 
3 

water mixture .............................................. 35 

Table 13. Data f o r  t h e  ho t  water consumption dur ing  he dynamic 

................. experiment with t h e  NaCH COO water mixture 39 
3 

Table 14. Daily energy q u a n t i t i e s  f o r  t h e  h e a t  s to rage  u n i t  with 

t h e  NaCH COO water mixture dur ing  t h e  dynamic experiment ,,, 4 0 
3 

Table 15. Thermal l o s s  c o e f f i c i e n t  f o r  t h e  h e a t  s to rage  u n i t  with 

t h e  Na S 0 water mixture a t  d i f f e r e n t  s to rage  temperatures  4.1 
2 2 3  



Table 16,  Heat con ten t  o f  t h e  hea t  s t o r age  u n i t  w i th  t h e  

..................................... Na S 0 water  mixture  
2 2 3  

Table 17,  Data f o r  t h e  hoe t  water  consumption du r ina  t h e  d.ynamic 

................. experiment wi th  t h e  Na S 0 water mixture  
2 2 3  

Table 18, Daily energy q u a n t i t i e s  f o r  t he  h e a t  s t o r a g e  u n i t  with 

t he  Na S 0 water  mixture dur ing  t h e  dynamic experiment .,. 
2 2 3  

Table 19. Thermal l o s s  c o e f f i c i e n t  f o r  t h e  h e a t  s t o r a g e  u n i t  wi th  

t h e  Na RP0 water  mixture a t  d i f f e r e n t  s t o r age  temperatures  
2 

Table 20, Beat c:ontent of  t h e  h e a t  s t o r age  u n i t  wi th  t h e  

Na HP0 water  mixture  .a...............e................... 
2 4 

Table 2 1 ,  Data f o r  t h e  h o t  wa-ter consumpti.on du r ing  t h e  dynamic 

.................. experiment wi th  t h e  Na HP0 water  mix.ture 
2 

Table 22. Daily energy q u a n t i t i e s  f o r  t h e  h e a t  s t o r a g e  u n i t  with 

... t h e  Na HP0 water  mixture  during t h e  dynamic experiment 
2 4 

Table 23.  Thermal l o s s  c o e f f i c i e n . t  f o r  t h e  hea t  s t o r a g e  u n i t  wi th  

t h e  Na2C03 ................................................ 
Table 24. Heat con ten t  o f  t h e  h e a t  s t o r age  u n i t  wi th  t h e  Na CO 

2 3 
water mixture  ............................................. 

Table 25. Data f o r  t h e  h o t  water  consumption dur ing  t h e  dynamic 

.................. experiment wi th  t h e  Na CO water mixture  
2 3 

Table 26. Dai ly  energy q u a n t i t i e s  f o r  t h e  h e a t  stora.ge unit with  

.... t h e  Na CO water  mi-xture du r ing  t h e  dynamic experiment 
2 3 

Table 27, Thermal l o s s  c o e f f i c i e n t  f o r  t he  h e a t  s t o r a g e  u n i t  with 

t h e  Na S O  water  mixture a t  d i f f e r e n t  s t o r a g e  temperatures  
2 4 

Table 28, Beat con ten t  of  t h e  h e a t  s t o r age  u n i t  wi th  t h e  Na SO 
2 4 

water  mixture  ............................................. 
Table 29, Data f o r  t h e  h o t  water  consumption dur ing  t h e  dynamic 

.................. experiment w i t h  t h e  Na2S04 water mixture  

Table 30, Daily energy q u a n t i t i e s  f o r  t h e  h e a t  s t o r age  u n i t  with 

.... t h e  Na SO water  mis ture  du r ing  t h e  dynamic experiment 
2 4 

Table 31, T'hermal l o s s  c o e f f i c i e n t  f o r  t h e  h e a t  s t o r age  u n i t  wi th  

................... water a t  d i f f e r e n t  s t o r age  temperatures  



Table 32. Data f o r  t h e  ho t  water  consumption dur ing  t h e  dynamic 

experiment with water  a s  s to rage  ma te r i a l  .........,,,..,,,, 76  

Table 33. Dai ly energy q u a n t i t i e s  f o r  t h e  h e a t  s to rage  u n i t  wi th  

water  a s  s to rage  m a t e r i a l  during t h e  dynamic experiment .,., 7 7 

Table 34. Assumptions used i n  t h e  c a l c u l a t i o n s  ....................... 85 

Table 35, Measured and c a l c u l a t e d  d a i l y  energy q u a n t i t i e s  f o r  t h e  

hea t  s to rage  u n i t  wi th  t he  Na S 0 water niixture dur ing  2 2 3  
the  dynamic experiment . . . . . . . . . . . , , . . . , . . o e ~ e ~ ~ e e e a e e ~ s e a e ~  99 

Table 36. Costs  used i n  t h e  c a l c u l a t i o n s  ......,...,e.e..,..ee~ e a m e e a e l O l  





LIST OF FIGURES 

Figure l. Beat s t o r a g e  capac i ty  i n  t h e  temperature in te rva l .  
0 

0-100 C of  an i d e a l l y  working, incongruent ly  melt ing 
sa1.t hydra te ,  a  s a l t  water mixture based on t h e  
e x t r a  water  p r i n c i p l e ,  and water ,  The anhydrous 
s a l t  i s  Na2S04 . . . . . . . . . . ~ . . . . . e . . a e ~ e e a ~ e ~ ~ e e e e s a a e e ~ ~  4 

Figure  2 ,  Schematical i l l u s t r a t i o n  o f  t h e  h e a t  s t o r a g e  u n i t  ....,... 5 

Figure 3 ,  The i n s u l a t e d  h e a t  s t o r age  u n i t  .....,........,....aaq~aeo 6 

Figure 4 ,  The ho t  water  tank and t h e  h e a t  s t o r age  tank ........,.... 6 

Figure  5 ,  The h o t  water  tank and t h e  h e a t  exchanger s p i r a l  ,.,....,. 6 

>%.guu 6 .  Pleasured d e n s i t i e s  of t h e  inves t iga . ted  s a l t .  water 
0 

mixtures  i n  t h e  temperature  i n t e r v a l  0-100 C , . , . . . . . , , . , . ,  16 

Figure 7, I-lea-t s t o r a g e  capac i ty  of t h e  s a l t  water mix.tures used 
i.n t h e  h e a t  of fu s ion  s to rage  u n i t  ....................... l 7  

F igure  8. Schematical i l l u s t r a t i o n  of t h e  s t a t i c  t e x t  f a c i l i t y  .,,,. 23 

Fi.gure 9. S t a t i c  t e s t  f a c i l i t y  . . , , . . , . . . . . . . . . . . . s ~ ~ ~ ~ ~ ~ e e ~ ~ ~ a ~ o ~ e ~  24 

Figure 10,  Schematical i l l u s t r a t i o n  o f  t h e  dynamic t e s t  f a c i l i t y  ,,., 25 

Figure  ll. Dynamic t e s t  f a c i l i t y  and t h e  c o n t r o l  system .....,....... 27 

Figure 12. 5 days weather d a t a  used i n  t h e  dynamic i n v e s t i g a t i o n  
of t h e  h e a t  s t o r age  u n i t  ...,...............~eea~a~aaqeees 31 

Figure 13. Heat con ten t  of  t h e  h e a t  s t o r age  u n i t  wi th  t h e  NaCB COO 
3 

water mixture  ve r sus  t h e  h e a t  s t o r age  temperature  ........ 36 

Figure 1.4, Terpera . tures  f o r  t h e  h e a t  s t o r age  u n i t  w i th  t h e  NaCH COO 
3 

water mixture  during t h e  experiment ...................... 38 

Figure 15. Hea.t con ten t  o f  t h e  h e a t  s to rage  u n i t  wi th  t h e  Na S 0 
2 2 3  

water mixture  ve r sus  t h e  h e a t  s t o r age  temperature  ....,... 44 

Figure 16.  T'emnperatures f o r  t h e  h e a t  s t o r age  u n i t  with Na S 0 
2 2 3  

water mixture  dur ing  t h e  experiment ...................... 46 

Figure 17. Heat con ten t  o f  t h e  h e a t  s t o r a q e  u n i t  wi th  t h e  Na2BP0 4 
water mixture  ve r sus  t h e  h e a t  s tora .ge temperature  ,....... 51. 

Figure 18. Temperatures f o r  t h e  h e a t  s t o r a g e  u n i t  with N a  HP0 
2 4 

water mixture  du r ing  t h e  experiment ...................... 53 

Figure 19. Heat con ten t  o f  t h e  h e a t  s t o r age  u n i t  w i th  t h e  Na CO 
2 3 

water mixture  ve r sus  t h e  h e a t  s t o r age  temperature .....,.. 59 

Figure 20. Temperatures f o r  t h e  h e a t  s t o r a g e  u n i t  wi th  Na CO 
2 3 

water mixture  du r ing  t h e  experiment ...................... 61 



Figure  21. Heat con ten t  of t h e  h e a t  s t o r age  u n i t  wi th  t h e  Na SO 
2 4 

water mixture versus  t h e  h e a t  s t o r age  temperature ......... 66 

Figure  22. Temperatures f o r  t h e  h e a t  s t o r age  u n i t  wi th  Na 50 water  
2 4 

mixture dur ing  t h e  experiment ............................ 68 

Figure  23. Heat con ten t  o f  t h e  h e a t  s t o r age  u n i t  wi th  water ve r sus  
............................. t h e  h e a t  s t o r age  temperature  73 

0 
Figure 24. Heat t r a n s f e r  power p e r  C temperature  d i f f e r e n c e  between 

t h e  s o l a r  c o l l e c t o r  f l u i d  and t h e  h o t  water  t ank  ve r sus  
t h e  h o t  water  tank temperature ,  The s t o r a g e  m a t e r i a l  i s  
water ,  t h e  f l u i d  v e l o c i t y  6 l/min and t h e  power i n p u t  

Figure 25. Temperatures f o r  t h e  h e a t  s t o r age  u n i t  wi th  water  du r ing  
the  experiment ........................................... 75 

.......... Figure  26. Measured h e a t  con ten t s  o f  t h e  h e a t  s t o r a g e  u n i t  79 

Figure 27. Schematical i l l u s t r a t i o n  o f  t h e  s o l a r  h e a t i n g  systems 
with a h o t  water  s t o r age  and a h e a t  of  fu s ion  s to rage  .... 84 

2 
F igure  28, Net u t i l i z e d  s o l a r  energy from 6 m s o l a r  hea t ing  systems 

f o r  domestic h o t  water  supply a s  a func t ion  o f  s t o r a g e  
type and volume .......................................... 88 

2 
Figure  29. To ta l  y e a r l y  saved energy from a 6 m s o l a r  hea t ing  

system f o r  domestic h o t  water  supply a s  a func t ion  o f  
s to r age  type  and volume .................................. 90 

Figure  30. To ta l  y e a r l y  saved energy from s o l a r  hea t ing  systems f o r  
domestic h o t  water  supply f o r  a h o t  water  consumption o f  
100 l /day  a s  a func t ion  o f  coLlec tor  a r e a ,  s t o r age  type 
and volume ............................................... 92 

Figure  31. T o t a l  y e a r l y  saved energy from s o l a r  h .eat ing systems f o r  
domestic h o t  water supply f o r  a h o t  water  consumption o f  
200 l /day  a s  a func t ion  o f  c o l l e c t o r  a r e a ,  s t o r age  type  
and volume ............................................... 93 

Figure  32, T o t a l  y e a r l y  saved energy from s o l a r  h e a t i n g  systems f o r  
domestic h o t  water supply f o r  a h o t  water  consumption o f  
300 l /day  a s  a func t ion  o f  c o l l l e c t o r  a r e a ,  s t o r a g e  type  
and v o l ~ m e  ............................................... 94 

Figure 33. T o t a l  y e a r l y  saved energy from s o l a r  h e a t i n g  systems, 
wi th  s to rage  volumes o f  150 1 and 300 l ,  f o r  domestic 
h o t w a t e r  supp1.y f o r  a h o t  water  consumption o f  200 l /day  
a s  a func t ion  of s o l a r  c o l l e c t o r  a r e a  and t h e  s to rage  
type ..................................................... 96 

2 
Figure 34. To ta l  y e a r l y  saved energy from 6 m s o l a r  h e a t i n g  systems 

with s t o r a g e  volumes o f  150 1 and 300 l f o r  domestic h o t  
water supply a s  a func t ion  of t h e  d a i l y  h o t  water  con- 
sumption and t h e  s t o r a g e  type  ............................ 97 



Figure 35. Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment f o r  
s o l a r  hea t ing  systems a s  a func t ion  of s to rage  type,  
s to rage  volume and s o l a r  c o l l e c t o r  a rea .  The d a i l y  h o t  
wat.er consumption i s  100 1 .,...............,.eeees-+aesese 102 

Figure 36. Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment f o r  
s o l a r  hea t ing  systems a s  a func t ion  of  s to rage  type ,  
s to rage  volume and s o l a r  c o l l e c t o r  a r ea ,  The d a i l y  h o t  
water consumption i s  200 1 . , . . , . . , . , . , . . . , . , . s ~ e e o e ~ e e m a e e  103 

Figure 37.  Yearly u t i l i z e d  s o l a r  energy pe r  c o s t  o f  investment f o r  
s o l a r  hea t ing  systems a s  a func t ion  of s to rage ,  type,  
s to rage  volume and s o l a r  c o l l e c t o r  a r ea ,  The d a i l y  h o t  
water consumption i s  300 1 ....,......,.......~e~~~eoe~oeao 104 

Figure 38, Yearly u t i l i z e d  s o l a r  energy pe r  c o s t  o f  investment f o r  
s o l a r  hea t ing  systems with h o t  water s to rages  of  an 
economically b e s t  volume a s  a func t ion  of s o l a r  c o l l e c t o r  
a r e a  and the  d a i l y  ho t  water consumption, Furthermore, 
t h e  q u a n t i t y  f o r  economically b e s t  s o l a r  hea t ing  systems 
i s  given . . . , . , , . . . . . . . . . . . . ~ e ~ ~ ~ ~ e e e o ~ ~ a ~ ~ ~ e ~ e ~ ~ ~ a e ~ e ~ ~ ~ o e  l 0 6  

Figure 39, Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment f o r  
s o l a r  hea t ing  systems with Na S 0 water mixture s t o r a g e s  

2 2 3  
of an economically b e s t  volume a s  a func t ion  of  s o l a r  
c o l l e c t o r  a r e a  and t h e  d a i l y  h o t  water consumption. 
Furthermore, t h e  q u a n t i t y  f o r  economically b e s t  s o l a r  
hea t ing  systems i s  given , . . . . . . . . . . , . . , , . . . ~ e e e ~ ~ ~ e n ~ ~ e ~ e ~  10 7 

Figure 40, Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment f o r  
t h e  economically b e s t  s o l a r  hea t ing  systems a s  a func t ion  
of t h e  da. i ly  ho t  water  consumption and t h e  s to rage  type .., 10.1 





ABSTRACT 

Tnis  r e p o r t  de sc r ibes  t h e  work of t h e  research  p r o ~ e c t  No, ESA-S-040-DK-(G), 

Heat s t o r age  u n i t s  u s ing  a  s a l t  hydra te  a s  s to r age  medium based on t h e  e x t r a  

water  p r j n c i p l e ,  The p r o j e c t  was c a r r i e d  o u t  with suppor t  from t h e  European 

Communities. 

A hea t  of fu s ion  s to rage  uni t .  f o r  s o l a r  h e a t i n g  systems f o r  domestic h o t  

water  supply was cons t ruc ted .  The u n i t  was examined exper imenta l ly  with f i v e  

di.ff e r e n t  s t o r age  m a t e r i a l s .  The s to rage  m a t e r i a l s  were s a l t  hyd ra t e s  based 

on t h e  e x t r a  water  p r i n c i p l e ,  a  hea t  of fu s ion  s to rage  method demonstrated i n  

two e a r l i e r  p r o j e c t s  supported by t h e  Commission of t h e  European Communities. 

The experiments r e s u l t e d  i n  knowledqe of t h e  thermal  behaviour of t h e  h e a t  

s t o r age  u n i t ,  and hereby knowledge of how t o  c o n s t r u c t  a  h e a t  of fu s ion  s t o -  

rage u n i t  with sood thermal  q u a l i t i e s ,  Ca l cu l a t i ons  of t h e  t o t a l  y e a r l y  u t i -  

l i z e d  s o l a r  energy f o r  smal.1 s o l a r  hea t ing  systems f o r  domestic h o t  water  

supply were c a r r i e d  o u t ,  both wi'ch h o t  water tanlts and h e a t  of fusion. s t o r a g e  

u n i t s  a s  hea t  s t o r ages .  Based on these  ca lcuLat ions  t h e  advantages by us ing  

hea t  of fu s ion  s t o r a g e  u n i t s ,  i n s t e a d  of ho t  water t anks  i n  small  s o l a r  hea t -  

i n g  systems f o r  domestic h o t  water  supply,  were e luc ida t ed .  



1. INTRODUCTION - THE E X T R A  WATER P R I N C I P L E  
-----p P- 

An incongruent]-y melting s a l t  hydrate cons i s t s  o f  an anhydrous s a l t  wi th  cor- 

responding crys ta l  water, The s o l u b i l i t y  o f  t h e  anhydrous s a l t  i n  water a,t 

t h e  melt ing point i s  not great enough t o  d issolve  a l l  t h e  anhydrous s a l t  i n  

the  corresponding crys ta l  water, The molten s a l t  hydrate there fore  cons i s t s  

o f  a  saturated solut ion and some anhydrous s a l t  undissolved i n  t h e  water, 

When nothing i s  doine t h i s  r e s u l t s  i n  sedimentation. i n  t h e  storage tank due t o  

t h e  higher densicy,  By cool.ing, s a l t  hydrate c r y s t a l s  are formed i n  t h e  

dividing l i n e  between sediment and so lu t ion ,  by which a  solid c r u s t  i s  

formed, This sol id  crus t  prevents t h e  anhydrous s a l t  a t  t h e  bottom and t h e  

upper layer o f  saturated solut ion from get t ing  i n  con.tact, Only a  part o f  

the  anhydrous s a l t  i n  t h e  solut ion i s  ac t i ve  i n  t h e  phase change, and t h e  

s a l t  hydrate cons i s t s  o f  three  parts a t  temperatures lower than t h e  melt ing 

point:  a t  t h e  bottom the  anhydrous s a l t ,  then a  layer o f  so l id  sa1.t hydrate 

c r y s t a l s ,  and a t  t h e  top  a  layer o f  saturated s a l t  so lut ion.  I f  t h e  s a l t  

hydrate i s  not s t i r r e d ,  r.he s a l t  hydrate c!rystals w i l l  melt by heating and 

form a super-saturated solut ion.  The amount o f  sediment increases,  and t h e  

heat storage capacity decreases b y  each me l t ing /crys ta l i za t ion  cyc le ,  and due 

t o  t h a t  t h e  phase separation has t o  be avoided be fore  it i s  possible t o  make 

use o f  an incongruently melt ing s a l t  hydrate as a re l iab le  heat storage med- 

ium 

The ex tra  water principle i s  a  method which prevents phase separation, thus  

resu l t ing  i n  a  stable heat o f  fus ion storage using an incongruently melt ing 

s a l t  hydrate as storage material., The method has been demonstrated i n  two 

projects supported by t h e  Commission of .the European Co~nmunities and :is des- 

cribed i n  d e t a i l  i n  ( 1 )  and ( 2 ) ,  

The method cons i s t s  i n  adding ex tra  water t o  t h e  s a l t  hydrate so t h a t  all t h e  

anhydrous s a l t  can be dissolved i n  t h e  water a t  t h e  melting point ,  t h a t  i s ,  

t h e  stowage medium i s  a saturated s a l t  so lut ion a t  the  melcing point ,  The 

storage medium i s  s t i r red  s o f t l y  while i.t i s  cooled or heated, Since crys- 

t a l l i z a t i o n  oniy takes  place from a saturated solut ion,  and t h e  sol -ubi l i ty  o f  

t h e  s a l t  i n  water for temperatures belove t h e  melting point decreases for  

decreasing- temperatures, s o l i d i f i c a t i o n  takes  place by decreasing tempera- 



t u r e s .  For tempera tures  below t h e  mel t ing  p o i n t  t h e  s to rage  medium c o n s i s t s  

of a s a l t  hydra te  s o l i d  phase and a s a t u r a t e d  s o l u t i o n .  By hea t ing ,  some of  

t h e  s o l i d  s a l t  hydra te  mel t s ,  and due t o  t h e  s o f t  s t i r r i n g  t h e  s o l u t i o n  w i l l  

s t i l l  be s a t u r a t e d  a l s o  a t  t h e  h igher  temperature ,  s o  t h a t  t h e  mixture  w i l l  

remain s t a b l e ,  The s o f t  s t i r r i n g  i s  necessary due t o  d i f f e r e n c e s  i n  d e n s i t y  

between t h e  s a l t  s o l u t i o n  and t h e  melted s a l t  hydra tes ,  The s t i r r i n g  could  

be n a t u r a l  convect ion caused by temperature  d i f f e r e n c e s  i n s i d e  t h e  hea t  s t o -  

rage a s  wel l  a s  forced  convection produced by a s t i r r e r ,  Both mel t ing  and 

s o l i d i f i c a t i o n  t a k e  p l ace  i n  t h e  temperature  i n t e r v a l  from t h e  mel t ing  p o i n t  

and downwards. The h e a t  of fu s ion  of t h e  s to rage  medium i s  s i t u a t e d  i n  t h e  

same temperature  i n t e r v a l ,  The hea t  s t o r age  capac i ty  of t h e  s t o r a g e  medium 

i s  less than t h a t  of  t h e  i d e a l l y  working incongruent ly  mel t ing  s a l t  hydra te ,  

s i n c e  on ly  a p a r t  of t h e  anhydrous s a l t  i n  t h e  s a l t  water mixture  i s  a c t i v e  

i n  t h e  phase change. On t h e  o the r  hand t h e  hea t  s t o r a g e  remains s t a b l e .  

I n  t h e  temperature  i n t e r v a l  0-100°~ f i g u r e  1 shows t h e  t h e o r e t i c a l  hea t  s t o -  

rage capac i ty  of an incongruent ly  mel t ing  s a l t  hydra te ,  Glauber ' s  s a l t ,  i f  it 

could work s t a b l y .  The h e a t  s t o r age  capac i ty  of a s a l t  water mixture  con- 

s i s t i n g  of 33% Na2S04 and 67% of water based on weight,  t h a t  is  a s t o r a g e  

medium making use  of G laube ra s  s a l t  and t h e  e x t r a  water p r i n c i p l e ,  and t h e  

hea t  capac i ty  of water i s  shown t o o ,  The r a t i o  between t h e  h e a t  s t o r a g e  

capac i ty  of a s a l t  water  mixture  and t h a t  of water depends on t h e  temperature  

i n t e r v a l  which i s  chosen f o r  t h e  comparison, For small  temperature  i n t e r v a l s  

around t h e  mel t ing  p o i n t  t h e  r a t i o  i s  g r e a t ,  and f o r  i n c r e a s i n g  temperature  

i n t e r v a l s  t h e  r a t i o  decreases ,  



Figure 1. Heat s to rage  capac i ty  i n  t h e  temperature i n t e r v a l  
0 - 1 0 0 ~ ~  of an  i d e a l l y  working, incongruent ly melt ing 
s a l t  hydra te ,  a  s a l t  water mixture based on t h e  
e x t r a  water p r i n c i p l e ,  and water ,  The anhydrous 
s a l t  i s  Na $0 

2" 4 '  



2 .  THE HEAT STORAGE 

2.1  The hea t  of fu s ion  s to raqe  u n f t  

A hea t  of f u s i o n  s t o r a q e  u n i t  u s ing  t h e  e x t r a  water p r i n c i p l e  f o r  a s o l a r  

hea t ing  system f o r  domestic ho t  water supply was cons t ruc t ed ,  The s t o r a g e  i s  

shown1 schemat ica l ly  on f i g u r e  2 ,  Photoes of t h e  hea t  s t o r age  u n i t  a r e  shown 

on f i g u r e  3 - 5. Data f o r  t h e  hea t  s t o r age  u n i t  a r e  given i n  t a b l e  1. 

Yigure 2 .  Schematical i l l u s t r a t i o n  o f  t h e  h e a t  s t o r aqe  u n i t  
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t ank  

Volume of s a l t  water mixture  and a i r  
i n  t h e  hea t  s t o r a g e  u n i t  

Volume of s o l a r  c o l l e c t o r  f l u i d  
he hea t  exchanger s p i r a l  

I Mass of t h e  hea t  s t o r a g e  u n i t  (empty) 1 2'77 kg 

diameter 

Dimensions of t h e  hea t  s t o r age  u n i t  
diameter of t ank  
he igh t  of tank 
t o t a l  he igh t  of hea t  s t o r a g e  u n i t  

dimension 
hea t  t r a n s f e r  a r e a  

I n s u l a t i o n  
m a t e r i a l  
t h i c k n e s s  

minera l  w o o l  
10 cm 

Table 1 .  Data f o r  t h e  h e a t  s t o r age  u n i t  



A ho t  water tank i s  p laced  i n s i d e  t h e  tank which holds  t h e  s a l t  water  mix- 

t u r e ,  Heat from t h e  s o l a r  c o l l e c t o r  i s  t r a n s f e r r e d  t o  t h e  s t o r a g e  by use of 

a  h e a t  exchanger s p i r a l  i n  which t h e  s o l a r  c o l l e c t o r  f l u i d  i s  conducted, The 

hea t  exchanger s p i r a l  i s  s i t u a t e d  a t  t h e  bottom of t h e  s t o r a g e  tank  and 

around t h e  ho t  water t a n k s  For s t o r a g e  temperatures  above t h e  me l t i ng  p o i n t  

t h e  s a l t  water mixture  i s  a  l i q u i d  phase,  f o r  s t o r age  tempera tures  below t h e  

me l t i ng  p o i n t  t h e  s a l t  water mixture  c o n s i s t s  of a  l i q u i d  phase and a  s o l i d  

phase,  While co ld  water e n t e r s  t h e  bottom of t h e  ho t  water t ank ,  f o r  s a l t  

water mixture temperatures  above t h e  me l t i ng  p o i n t ,  a  p a r t  of t h e  s a l t  solu-  

t i o n  i s  cooled,  and temperature  d i f f e r e n c e s  i n  t h e  s a l t  water mixture  produce 

a s o f t  s t i r r i n g  which, i n  connection wi th  t h e  e x t r a  water p r i n c i p l e ,  makes 

t h e  hea t  s t o r age  m a t e r i a l  s t a b l e ,  

The s a l t  s o l u t i o n  i s  s t i r r e d  s o f t l y  i n  t h i s  way dur ing  coo l ing  a s  l ong  a s  

s o l i d i f i c a t i o n  has  no t  s t a r t e d ,  and a s  long  a s  s o l i d i f i c a t i o n  t a k e s  p l ace ,  

The f o r c e  of t h e  s t i r r i n g  decreases  a s  s o l i d i f i c a t i o n  makes progress .  

2 ,2  The i n v e s t i g a t e d  s a l t  water mix tures  

The h e a t  s t o r age  u n i t  was i n v e s t i g a t e d  wi th  f i v e  d i f f e r e n t  s a l t  water mix- 

t u r e s  based on incongruent ly  mel t ing  s a l t  hydra tes  with. d i f f e r e n t  mel t ing  

p o i n t s ,  s e e  t a b l e  2.  



Anhydrous 
sa l t  i n  the  
s a l t  water 
mixture 

Fraction o f  
anhydrous 
s a l t  i n  the  
s a l t  water 
based on 
weight 

Sal t  hydrate 
crys ta l s  

Melting 
point o f  
the  s a l t  
hydrate 

OC 

Price 
Dkr/l s a l t  
water mixture 
20 t del ivery  

Table 2 ,  The invest igated s a l t  water mixtures,  

The method used for  calculation o f  the  heat storage capacity o f  a  s a l t  water 

mixture as well as t he  heat storage capacit ies and the  measured densitri.es o f  

t h e  NaCR3COO-, Na2HP04-, Wa2C03- and Na2S04-water mixtures are given i n  ( 1 ) .  

The heat storage capacity o f  the  Na2S203 water mixture was calculated and t h e  

density o f  the  s a l t  water mixture was measured, The data used for  t he  calcu- 

la t ions  o f  the  heat storage capacit ies for the  5 sa l t  water mixtures are 

given i n  tab le  3 ,  The heat storage capacit ies o f  t he  s a l t  water mixtures 

based, on weight are given i n  tab le  4-8, The measured dens i t s i es  o f  t h e  s a l t  

water mixtures i n  the  temperature in terval  OO@ - lOOoC are shown i n  f igure  6 .  

The heat storage capacity per volume o f  the  s a l t  water mixture i s  the  product 

o f  the  heat storage capacity based on weight and the  densi ty  o f  t h e  s a l t  

water mixture.. To make a  f a i r  comparison o f  the  heat storage capa.city per 

vol.ume o f  d i f f e r e n t  materials the  minimum densi ty  o f  each material i n  ,the 

tempera.ture in terval  i n  which the  heat storage operates must be used since 

t h i s  densi ty  decides the  mass o f  the  storage material which f i l l s  up t h e  sto- 

rage tank,  Therefore t he  dens i t i e s  o f  t he  s a l t  water mixtures a t  the  maximurn 

heat storage temperature are used by calculations o f  t he  heat storage capac- 

i t y  per volume, In a  normal solar heating system the  maximum heat storage 

temperat~are i s  about 9 5 O ~ ,  and therefore  dens i t i e s  a t  9 5 O ~  are used i n  f igure  

7 ,  which shows the  heat storage capacity per volume o f  the  invest igated s a l t  

water mi.xtures and o f  water i n  t he  temperature in terval  O°C - 100°@. 



Table 3. Data for the investigated s a l t  water mixtures. 



Latent heat Total heat 

415,4 

$.%le.% 

451,8 

462.3 
467-5 
472,7 

488,3 

498.7 

Table 4. Heat storage capacity of NaCH3CO0 water mixture with 0.58 as the 
fraction of anhydrous salt in the salt water mixture based on 
weight. 



Laten t  hea t  To ta l  hea t  

288 2 

301,4 

323.4 
32'7.8 

336a6 

345.4 
349 e 8 
354,2 

363 * 0 
367 . 4 1 

Table 5 .  Heat s t o r a g e  capac i ty  of t h e  Na2S203 water mixture  w i th  0,61 a s  t h e  
f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water mixture  based on 
weight.  



Latent heat  Total  heat  

100,2 
"l 1 7 e O  

282.8 

296,4 
303e2 
3 I O e O  

346,8 

3 3 0 e 4  

364 s 4 

384 9 

398.5 

$12, 'f 

425.7 
432.5 
439e3 

452 - 9  

480, 'l 
486 0 9 

Table 6. Heat s torage  capaci ty  of the  Na2HP04 water mixture with 0.27 as t h e  
f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water mixture based on 
weight. 



Sensible heat 
kJ/ltcg 

1 Latent heat 

l JeJ/ks 
Total  heat  

k J / b  

Table 7.  Heat s torage  capacity of t h e  Na2C03 water mixture with 0.33 a s  t h e  
f r a c t i o n  of anhydrous s a l t  i n  t h e  s a l t  water mixture based on 
weight, 



Temperature 
Oc 

Sensible heat 

kJ/kg 

Latent heat 
kJ/kg 

'Total heat 

kJ/kg 

Table 8. Heat storage capacity of the Na2S04 water mixture with 0 , 3 3  as the 
fraction of anhydrous salt in the salt water mixture based on 
weight, 
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1700 

1.600 

l500  
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S a l t  w a t e r  mix t  

1200 
of s a l t  based  on weight :  

1100 
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0 
t emnera tu re ,  C 

P i ~ u r e  6 ,  Measured d e n s i t i e s  o f  t h e  i n v e s t i g a t e d  s a l t  w a t e r  
m i x t u r e s  i n  t h e  t empera tu re  i n t e r v a l  0 - 10oOc, 



Figure 7. Heat s t o r a g e  capac i ty  of t h e  s a l t  water mix tures  
used i n  t h e  h e a t  of  fu s ion  s t o r a g e  unit. 



The Na2S04-, Na2C03-, Na2HPOg- and NaCH3COO-water mixtures are chemically 

stable. Investigations concerning the chemical stability of liquid sodium 

thiosulfate pentahydrate were carried out. Section 2,3 is the report from 

our chemical consultant Erik Pedersen covering this subject, 

2 , 3  The chemical stability of liquid sodium thiosulfate pentahydrate - 

2 3.1 Introduction 

The appJ.ication of sodium thiosulfate pentahydrate in heat storage systems 

could be severely Limited by chemical reactions in this medium under the 

temperature conditions imposed on such systems, It has for many years been 

known by almost every chemist that dilute aqueous solutions of this salt such 

as used in iodometric titrations decompose slowly in neutral and basic solu- 

tion and rather rapidly in acid solution. 

The result of studies of the stability of the molten salt has to our know- 

ledge not been published in the literature. This report describes such an 

investigation following reactions at 5 5 O ~  and 7I0C over six months. 

The sodium thiosulfate pentahydrate, Na2S20~,5H20, was delivered by Struers 

and of "pure quality" without further specifications, Six samples of approx- 

imately 40 g of this salt were prepared, l00 mg of sodium hydrogensulfate, 

NaHS04, was added to two of the samples. 50 mg of sodium carbonate, Na2C03, 

was added to another two samples* The two equivalent sets of samples were 

left in vials with screw caps in ovens at 55OC and 71°@, i.e, above the tran- 

sition temperature of this incongruently melting salt, After six months the 

samples were cooled to room temperature, and one month later our analytical 

work started as described in the following. 



From the very beginning it was clear to us that all samples had lost in 

weight, approx, 0,26 g and 0,36 g at 5 5 O ~  and 7I0c, respectively, This was 

presumably caused by loss of water through the screw caps, The original 

material had also been kept in non-ideal containers. 

On this background it was decided to 1i.mi.t the investigations to iodemetric 

titration of reducing material and determination of sulfur and freezing point 

depression, 

Iodometric titrations were performed against potassium dichromate using 

starch as indicator according to standard procedures. The six samples were 

melted at 60°C and supercooled to room temperature, The metastable liquids 

could be transferred to weighing bottles without loss of water by application 

of pipetso Sulfur was determined gravimetrically after continous extraction 

with carbon d.isulfide, @S2r from the samples diluted with water. The CS2 

phases were subsequently dried with anhydrous sodium sulfate, filtered, and 

evaporated to dryness. 

The freezing-point depressions (transition temperatures) were determined by 

seeding the supercooled solutions with a few crystals of the pentahydrate and 

following the temperature vs, time with a thermometer with a resolution of 

0 .6'l0@, A molar freezing-point depression of 42,6 was assumed according to 

Eeenhardt and Boutaric, C.r, 154 (1912) 113. - 

All experimental results are average values of two independant measurements, 

I t  was assumed that the loss in weight of the six samples was caused by loss 

of water and that the original material in two containers was unchanged dur- 

ing the period of the experiments. The analyses of this material showed a 

composition corresponding to Wa25203,4069(3)B20, The number in brackets here 

and in the following is the estimated standard deviation, 



Tne r e s u 1 . c ~  of  t h e  measurements  are  shown i n  t a b l e  9. 

T a b l e  9 .  ? . e s u l t s  o f  measurements  o:? the chemical s t a b i l i t y  o f  l i n u i d  sodium 
t h i o s u l . E a t e  ? e n t a l i y d r a t e .  

I t  IS e v l d e n t  f rom t n e  r e s u l t s  x n  t a b l e  9 t h a t  o n l y  t n o s e  samples  w r t n  NaHS04 

added  showed any  s r g n  o f  d e c o m p o s s t ~ o n ,  The d e g r e e  o f  t n l s  decomnposzts.on 

s e e m s  t o  be rndependen t  o f  t n e  t e m p e r a t u r e  w l t h b n  t h e  e x p e r r r n e n t a l  uncer- 

t a l n t y  . 



The results of the titrations and the sulfur determinations are in agreement 

with the following decomposition process 

which gives the following reactions during the iodometric titrations 

This reaction scheme explains why the mole fractions found by titration fol- 

low the mole fractions converted into sulfur. These mole fractions corres- 

pond to a separation of 1.0 g of sulfur per kg of initial material during six 

months. The freezing point depressions which are much less accurate give a 

value approximately one order of magnitude less. 

These measurements give almost no information on the kinetics of the reac- 

tion. Since the hydrogen ions added with NaHS04 are not used during the pro- 

posed reaction, we suggest as a worst case estimate that the reaction is acid 

catalyzed and will continue with a rate as observed during the six months. A 

complete analysis of this system would involve chromatografic separation of 

all species that might exist, polythionates for example. Such. work seems 

unnecessary, however, on the baclcground that no decomposition was observed in 

neutral and weekly alkaline media, 



3 ,  EXPERIMENTS 

Experiments were carried out with each salt water mixture and with water as 

the heat storage material both in a static and in a dynamic test facility, 

3, ' l  Static test facilitv 

The test facility system is shown schematically in figure 8 ,  The system con- 

sists of pipes with 2 pumps for circulation of the solar collector fluid, 2 

heating elements, a temperature sensor, a flometer and different valves for 

controlling the solar collector fluid volume flow, The pipe system consists 

of an inner and an outer circuit, to which the heat storage is connected by 

means of flexible hoses* The volume flow of the solar colLector E1ui.d is 

large in the inner circuit and has a smaller constant value in the outer cir- 

cuit, 

The temperature sensor, which controls one of the heating elements, is sitou- 

ated just behind the heating elements in the inner circuit with the large 

volume flow, In this way the temperature of the fluid, which is conducted to 

the heat storage, can be controlled in a very accurate way, The other keat- 

ing element is manually operated in such a way that a constant power can be 

transferred to the collector fluid, In this way it is possible either to 

obtain a constant temperature of the fluid conducted to the heat storage, or 

to transfer a constant power to the heat storage, 

The test facility is situated in the laboratory where the temperature nor- 

mally varies in the temperature interval from 20ac to 25O~. Figclre 9 shows a 

photo of the static test facility, 
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Figure 8 ,  Schematical illustration of the static test facility. 



Figure 9, S t a t i c  t e s t  f a c i l i t y ,  

3.2 Dynamic t e s t  f a c i l i t y  

The t e s t  f a c i l i t y  i s  shown schexnatical3.y i n  Fl.qurc.3 10,  The system cons i s t s  

of a so la r  co l l ec to r  siinillator, a water supply system and a control  system, 

The heat  s torage i s  connected to the  solar coll.ec:z':csr si.tnulatar and t o  the  

water supply system by means o f  f l e x i b l e  hoses, 

The so l a r  co l l ec to r  siinu.lator I.s a pCpe system w k t h  val.ves, a  c i rcu la t ion  

pump which t ranspor ts  the solar coll.actor f2:lu.j.d, ;.a fl.owneJcer, a heating e le -  

ment and a temperature sensor, whj.c11 i s  cc~nnec'r:ed t o  .the cont:rol system. The 

so l a r  co l l ec to r  f l u i d  can be c i rcu la ted  thrcrr:c)-l-t t he  so:ln.r co:Llec'cor simulator 

and the  heat  s torage w i t h  a cunstat7.t volume i f l o w ,  



cold water 

water 
supply 
system 

solar 
collector tempera-ture sensor 
simulato 

Tigure 10. Schenatical illustration of the dynamic test Sacility. 



Two flowmeters and different valves for controlling the tapped water volume 

flow and the temperature of the water entering the heat storage are situated 

in the water supply system, A mixing valve mixes the cold and the hot water 

so that a reasonably constant temperature of the tapped water during the per- 

iod of tapping is the result, The mixed water is conducted to a container 

where the mean temperature of the water is measured before the water finally 

is expelled, 

The control system is a microprocessor which controls the pt~mp, the valves 

and the heating element in such a way that the heat storage operates as if it 

is part of a solar heating system for domestic hot water supply in a period 

with typical weather conditions, The valves are controlled in such a way 

that the water entering the storage dluring tapping periods has a low constant 

temperature, The power given off from the heating element is found from the 

weather data fixed in advance, the chosen efficiency of the solar colLector 

and the temperature of the solar collector fluid leaving the heat storage 

measured by the temperature sensor. Figure 14 shows photoes of the dynamic 

test facility and the control system, 

Temperature measurements are made by use of copper/constantan thermocouples, 

Temperature differences are measured with copper/constantan thermopiles. 

Volume flows are measured with Aqua-Metro flometers and energy given off 

from heating elements with ItWh-meters, Energy quantities transferred to or 

drawn off the heat storage are calculated by means of the measured tempera- 

ture differences and volume flows, 

The temperatures are measured at 3 different levels inside the heat storaqe: 

at the top, in the middle and at the bottom of the hot water tank and of the 

salt water mixture, Furthermore, the temperature of the ambient air, the 

solar collector fluid entering and leaving the heat storage, the cold water 

entering the heat storage during tapping, the hot water leaving the heat sto- 

rage during tapping and the mean temperature of the water accumulated in the 

container during each tapping period, 



F i g u r e  I I, D y ~ ~ a m - i  i: ? c:: t. f.;lci 1 i i.\' ,-)i;d h<-: <:oil [- ro-l system, 



Temperature d i f f e r ences  are measured between t he  solar col lec tor  f l u i d  enter-  

ing and leaving t he  beat storage and between the  cold water entering and t he  

hot water leaving the  heat storage during tapping. 

Volume flows o f  the  solar collector f l u i d  through the  heat storage, t he  cold 

water entering t he  heat storage during tapping and t he  tapped mixed hot water 

during tapping are measured, as well a s  the  t o t a l  enerqy given o f f  from the  

heating element during t he  dynamic t e s t  period, 

3.4 Test  procedure - 

3.4.1 Sta t i c  t e s t  f a c i l i t y  

For each s a l t  water mixture the  thermal loss  from the  heat storage u n i t ,  the  

heat content o f  the  storage un i t  i n  a temperature in terval  and t he  heat 

t rans f e r  power per OC temperature d i f f e r ence  between t he  solar col lec tor  

f l u id  and the  heat storage material i n  a period with a constant power supply 

from the  col lec tor  f l u i d  t o  t he  heat storage, were measured, 

The thermal l o s s  i s  found i n  the  following way. The solar col lec tor  f l u i d  i s  

pul~~ped through the  heat storage un i t  with a f l u i d  v e loc i t y  o f  about 1 l /min 

while t he  temperature o f  the  f l u id  entering t.he heat storage i s  kept con- 

s tant*  A f ter  a while t h e  temperature o f  the  storage un i t  and t he  temperature 

d i f f e r ence  between t he  f l u i d  entering and leaving t he  heat storage w i l l  be 

constant t oo ,  i f  the  ambient temperature i s  constant. 

When a l l  temperatures are s tab le ,  the  energy balance for  the  heat storage is: 

d Q ,  
- -  - O = Q  - 

t ' l o s s  
= &.C P " ( T i n  - T 

d 'C P out ' - gloss  

Rearranging t h i s  equation, the  thermal l o s s  c o e f f i c i e n t  i s  found from: 



The thermal loss is measured for different ten~preatures since it varies with 

the temperature. 

In order to find the heat content of the storage unit and the heat transfer 

power per O@ temperature difference between the solar coElector fluid and the 

heat storage material, the heat storage unit was heated from a tempera.ture 

below the melting point to a temperature above the melting point, During the 

heating period both the power transferred from the solar collector fluid to 

the heat storage and the fluid volume flow were constant. The volume f low 

was about 6 l/min, and no water was tapped off Etraring the heating, Therefore 

the energy balance for the heat storage is: 

"- W .& " ep ' ( T i n  - T ) - ( U A ) ~ * ( T ~ - T ~ I  
P out 

The heat content in the temperature interval going from the starting tempera- 

ture to the final tem,perature of the heating is found from: 

L 

heating ms = J [ G  @c m @*(Tin - T ) - (UA)s (T - Ta)]dT 
0 P out s 

where (UA)s is found from the measurements described above and the tempera- 

tures and the temperature difference in the equation are measured continsusly 

during the heating period, 

Provided that the temperature is constant all over the heat storage, the heat 

transfer power per OC temperature difference between the solar coLLector 

fluid and the heat storage material (UA)cs is found from the equation: 

(UA),, is found for different points of time during the heating in order to 

find the influence of the storage temperature on the quantity. Different 

heating periods were carried out in order to el-ucidate if (UA),, varies from 

one heating period to another, 



3 ,4 .2  Dynamic test facility 

The heat storage is tested during a period with a duration between 3 and 5 

days. Hot water is tapped off the heat storage 4 times every day: at 8, 12, 

18 and 20 o'clock. The cold water entering the heat storage during tapping 

has a constant low temperature* The total consumption of hot water is about 

170 l/day, The weather data, that is the solar radiation on the solar col- 

lector and the outdoor temperature, which are used for the period, are given 

in figure 12. The data for the first 3 days are selected from measurements 

from a solar heating system working in the laboratory in the SPTF-project, 

which is supported by the Commission, Each parameter has a value for every 

10 minutes during the whole period, For simplicity, the last 2 days are 

identical to the first 2 days, 

The solar collector efficiency used in the experiment is 

T - T  
m o 

rl = 0,80 - 5,5 
I 

corresponding to the best solar collector which in 

1980 was on the Danish marketa Provided that the temperature rise of the 

solar collector fluid across the solar collector is ~ O C ,  the efficiency is 

found from: 

The heat storage unit will typically be situated in a solar heating sys.t@m 

with a collector area of about 6 m2, and therefore the volume flow of the 

solar collector fluid during the experiment was fixed to about 6 l/rnin, and 

the power from the solar collector calculated from: 

By means of the temperature sensor, the temperature of- the solar collector 

fluid leaving the heat storage, Tout. that is the temperature of the solar 

collector fluid entering the solar collector, is measlxred every minute during 

the test period, llsirlg this temperature, the power from the solar collector 

can be calculated from the formula above. 





Differences between the  construction o f  the  dynamic t e s t  f a c i l i t y  and a t yp i -  

cal solar heating- system, for  instance pumps, pipes, pipe insu la t ion ,  e t c .  

e x i s t ,  Therefore,  these d i f f e r ences  are taken i n t o  consideration i n  such a 

way t ha t  the  power given o f f  from the  heating element has such an amount t ha t  

t.he power transferred from the  t e s t  f a c i l i t y  t o  the  heat storage i s  equal t o  

the  power which w i l l  be t ransferred t o  t he  heat storage from a t yp ica l  solar 

heating system with the  above described solar col lec tor .  

Every minute t he  temperature sensor measures 'Pouta Every 40 seconds t he  

microprocessor calculates ,  controls  and measures the  power given o f f  from the  

heating element according t o  the  above described method. Any cl i f ferences 

between the  calculated and measured power, for  instance caused by sudden 

jumps i n  the  e l e c t r i c  vol tage,  are corrected i n  the  next "1 second period, 

t ha t  i s  the  calculated and t he  measured energy supply from the  heating e le -  

ment are iden t ica l ,  

Knowledge o f  t he  dyrtamic behaviour o f  the  heat storage un i t  i n  work i s  

obtained by t h i s  experiment since storage temperatures and energy quant i t i e s  

added t o  or drawn o f f  t he  storage are measured cantinously during the  experi- 

ment. 



4. RESULTS FROM THE EXPERIMENTS 

The heat storage unit was investigated with five salt water mixtures and 

water as heat storage material, see table 10. 

Table 10. Heat storage materials investigated in the heat of fusion storage 

Heat storage material in the storage tank 

unit. 

Material added to the 
salt water mixture 

For simplicity water was used as the solar collector fluid in the experi- 

ments, 

4.1 Results from the experiments with the heat storage unit with the NaCH3CZ 

water mixture 

The thermal loss coefficient was measured at 3 different storage tempera- 

tures, The results are given in table 1 1 .  

Thermal loss coefficient, W/OC 

Table 7 1 -  Thermal loss coefficient for the heat storage unit with the 

NaCH3CO0 water mixture at different storage temperatures. 



The quanti ty  o f  the  thermal loss  corresponds t o  the  theore t i ca l l y  calculated 

thermal loss  from a  300  1 tank insulated with about G cm o f  mineral wool, see 

( 3 ) .  Since the  heat storage un i t  i s  insul.ated wi th  10 cm o f  rnineral wool, 

the  thermal losses  caused by thermal bridges are reasonably small, 

The heat content was measured by two heating periods, one i n  the  s t a r t ,  and 

one a t  the  end o f  the  experimental period, The heat content o f  the  heat sto-  

rage un i t  was found t o  be i n  good agreement with the  theoretica. l ly  calculated 

heat contentP-., and no decrease i n  the  heat content during the  experimental 

period oE about 2 months was observed, The heat content consis ts  o f  contri-  

butions from the  s a l t  water mixture, the  water, the  s t e e l  container material 

and the  solar col lec tor  f l u id  sitixated i n  t he  heat exchanger sp i ra l .  'The 

theore t i ca l l y  calculated heat content o f  the  heat storage un i t  i n  the  temper- 

ature in terval  0 - 'lOO°C i s  given i n  table  'l2 and f igure  13.  The melting 

point for  N ~ C T ~ J C O O  @ 3H20 i s  58°@, and for  temperatures above 5a0C t he  heat 

content increases I-inearily w i t h ,  t he  temperature, 

The heat t rans f e r  power per OC tem,perature d i f f e r ence  between the  solar col-  

l ec tor  f l u id  and the  heat storage material was measured for  d i f f e r e n t  heating 

periods with a  volume flow o f  6 l /min ,  The heat t rans f e r  power per OC temp- 

erature d i f f e r ence  between the  solar collec!tor f l u id  and the  heat storage 

increases concurrently wi th  t he  increase of t h e  heat storage temperature and 

with the  progression o f  the  melt ing,  The quanti ty  o f  t he  heat t rans f e r  

capacity varied from one heating period t o  another as long as the  temperature 

i s  below the  melting point ,  Relatively large temperature d i f f e r ences  ins ide  

the  beat storage appear during the  heating period, and the  d i f f e r ences  vary 

for  d . i f f e r en t  locations o f  the  solid an l iquid  phase ins ide  t he  storage tank 

a t  t h e  s t a r t  of the  heating period, Therefore t he  heat t rans f e r  capacity 

must be related t o  the  s t a r t  conditions for  the  heat storage u n i t ,  Applica- 

b le  heat t rans f e r  capacit ies ca l l  for  very detailed and timeconsuming mea- 

surements where t he  locations o f  the  solid and l iquid  phase ins ide  the  sto-  

rage tank a t  the  s t a r t  o f  the  heating period are well de f ined ,  Such detailed 

measurements were not carried ou t ,  and there fore  quant i t i e s  o f  the  heat 

t rans f e r  capacity w i l l  not be given, 
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The duration of the experiment in the dynamic test facility was 5 days. The 

measured temperat~ires during the experiment are shown in figure 14 -  The 

temperatures in the top, in the middle and at the bottom of the hot water 

tank are given, The salt water mixture temperature was measured at 3 loca- 

tions. As long as the temperature is below the melting point, large tempera- 

ture differences appear, and therefare the uncertainty of the mean salt water 

mixture temperature, which is given in the figre, is relatively great. The 

ambient tetnperat~are and the temperature of the solar collector f luid leaving 

and entering the storage are given in periods with the solar collector in 

operation, The data for the hot water consumption during the experiment are 

given in table 13. T, is the temperature of the cold water entering the heat 

storage, Tw and Mtap are the mean temperature and the volume of the mixed 

water from the storage system, E is the energy tapped off the heat storage 

during each tapping, 

The important quantities for the heat storage system during the test period 

are given in table 14. The negative energy supply to the heat storage on the 

third day with the varying solar irradiation on the solar collector is caused 

by a failure in the control system. The energy tapped off and lost from the 

heat storage during the period was 38300 Wh,  while the energy supply to the 

heat storage was 27900 W h ,  This change in heat content during the experimen- 

tal period of -10 400 Wh corresponds to a mean heat storage temperature drop 

from about 6 6 O ~  at the start of the period to the final temperature of about 

5"9cC, which is in reasonably good agreement with the heat content given in 

table 12 and figure 13, 

Some observations concerning the dynamic behaviour of the heat storage unit 

is noticed from figure 14: 





Table 13. Data f o r  t h e  h o t  water  consumption dur inq  t h e  dynamic experiment 
wi th  t h e  NaCH3CO0 water mixture .  



col lec tor  

p- 

Table 14, Daily enerqy quant i t ies  for  t he  heat storage u n i t  w i t h  t h e  NaCB3CO0 

water mixture during the  dynamic experiment. 

Since cold water during hot water consumption enters  the  bottom o f  the  hot 

water tank,  low temperatures appear h.ere i n  periods a f t e r  hot  water eonsump- 

t i on .  In such periods with the  solar coll.ector i n  operation, the  low water 

temperatures do no in f luence the  temperature o f  t he  solar col lec tor  f l u i d  

s i qn i f i can t l y .  Like t h i s ,  t h e  low temperatures ins ide  the  heat storage are 

not optimally u t i l i z e d  t o  increase the  gain from the  solar co l l ec tor ,  E t  i s  

a lso  noticed t ha t  i n  t he  morning o f  the  5th day, t ha t  i s  i n  a period wi th  

storage temperatures bel.ow the  melting point o f  5 8 O ~  and energy supply from 

the  solar co l l ec tor ,  temperature d i f f e r ences  between the  s a l t  water mixture 

and the  water appear, but the  d i f f e r ences  are r e la t i v e l y  small. Therefore 

these temperature d i f f e r ences  are not optimally u t i l i z e d  t o  obtain high hot 

water temperatures quickly i.n sunny periods. The dynamic behaviour i s ,  t o  a 

cer tain  ex t en t ,  related t o  the  s a l t  water mixture, but f i r s t  of a l l  t o  t he  

design o f  the  heat storage u n i t ,  Therefore t he  dynamic behaviour o f  t he  sto-  

raqe w i l l  be discussed i n  de ta i l  ].ater i n  section 4.7. 



The duration of the experiments with the NaCH3CO0 water mixture was about 2 

months. In this period both the steel tanks and the steel heat exchanger 

were strongly attacked by the NaCH3CO0 water mixture. This fact disagrees 

with the investigations carried out in (2). Therefore the technical grade of 

NaCH3CO0 salt used in the experiment was analysed. The corrosion was caused 

by small amounts of impurities of acetic acid in the salt, The acetic acid 

must be neutralized in order to avoid corrosion. This can, for instance, be 

done by adding a small amount of Na2C03 to the salt water mixture. It is 

therefore important to know the composition of the impurities in the salt 

which is used as heat storage material. 

4.2 Results from the experiments with the heat storage unit with the Na2g2C13 

water mixture - 

The thermal loss coefficient was measured at 3 different storage tempera- 

tures. The results are given in table 15. 

Table 15. Thermal loss coefficient for the heat storage unit with the Na2S203 

water mixture at different storage temperatures. 

The quantity of the thermal loss corresponds to the theoretically calculated 

thermal loss from a 300 l tank insulated with about 8 cm of mineral wool, see 

(3). Since the heat storage unit is insulated with 10 cm of mineral wool, 

the thermal losses caused by thermal bridges are reasonably small. 

The heat content was measured by two heating periods, one in the start and 

one at the end of the experimental period. 



The heat content o f  the  heat storage un i t  was found t o  be i n  good agreement 

with the  theore t i ca l l y  calculated heat content ,  and no decrease i n  t he  heat 

content during t he  experimental period o f  about 2 months was observed, The 

heat content consis ts  o f  con"cibutions from the  s a l t  water mixture,  the  

water, the  s t e e l  container material and t he  solar col lec tor  f l u i d  s i tuated i n  

the  heat exchanger sp i ra l ,  The theore t i ca l l y  calcul.ated heat content o f  the  

heat storage un i t  i.n the  temperature in terval  0 - ~ O O O C  i s  given i n  t ab l e  46 

and f igure  4 5 .  The melting point for  Na2S203"5A20 i s  48OC, and for  tempera- 

tures  above 48OC the  heat content increases l i near i l y  w i t h  t h e  temperature. 

The heat t rans f e r  power per OC temperature d i f f e r ence  between t he  solar col- 

lec.tor f l u i d  and the  heat storage material was measured for  d i f f e r e n t  heating 

periods with a  volume flow o f  6 l /min.  The heat t rans f e r  power per OC temp- 

erature d i f f e r ence  between the  solar col lec tor  f l u id  and the  heat storage 

increases concurrently with the  increase o f  the  heat storage temperature and 

with the  progression o f  the  melting. The quanti ty  o f  the  heat t r a n s f e r  

capacity varied from one heating point ,  Relatively large temperature d i f f e r -  

ences ins ide  the  heat storage appear during the  heating period, and t he  d i f -  

ferences vary for  d i f f e r e n t  locations o f  the  solid and l iquid  phase ins ide  

t he  storage tank a t  the  s t a r t  o f  the  heating period. Therefore t he  heat 

t rans f e r  capacjky must be related t o  the  s t a r t  conditions for  the  heat sto-  

rage u n i t .  Applicable heat t rans f e r  capacit ies c a l l  for  very detailed and 

timeconsuming measurements where the  locations o f  the  solid and l iqu id  phase 

ins ide  t he  storage tank a t  t he  s t a r t  o f  t he  heating period are well de f ined .  

Such detailed measurements were not carried out and therefore  quant i t i e s  o f  

the  heat t rans f e r  capacity w i l l  not be given, 
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The duration o f  the  experiment i n  t he  dynamic t e s t  f a c i l i t y  was t he  f i r s t  

three days o f  the  f i v e  days period, The measured temperatures during t he  

experiment are shown i n  f igure  46. The temperatures i n  t he  t op ,  i n  t h e  m i d -  

dle and a t  the  bottom o f  the  hot water tank are given. The s a l t  water mix- 

ture  temperature was measured a t  3 locat ionss  As long as the  temperature i s  

below the  melting point ,  large temperature d i f f e r ences  appear, and there fore  

the  uncertainty o f  the mean sa l t  water mixture temperature which i s  given i n  

the  f igure  i s  r e la t i v e l y  great, The ambient temperatures and t he  temperature 

o f  t h e  solar col lec tor  f l u id  leaving and entering the  storage are given i n  

periods wi th  the  solar col lec tor  i n  operation. The data for  t he  hot  water 

consumption during the  experiment are given i n  table  17. Tc  i s  the  tempera- 

ture  o f  t he  cold water entering the  heat storage, T w  and M t a p  are t h e  mean 

temperature and the  volume o f  the  mixed water from the  storage system. L i s  

the  energy tapped o f f  the  heat storage during each tappings 

The important quant i t i e s  for  the  heat storage system during the  t e s t  period 

are given i n  tab le  18. The negative energy supply t o  t he  heat storage on t he  

th i rd  day with the  varying solar i rradiat ion on the  solar col lec tor  i s  caused 

by a f a i l u re  i n  the  control system. The energy tapped o f f  and l o s t  from the  

heat storage during the  period was 18500 Wh, while t he  energy supply t o  t he  

heat storage was 18000 Wh, This change i n  heat content during t he  experimen- 

t a l  period o f  -500 W h  corresponds t o  a mean heat storage temperature drop 

from about 4 3 O ~ ,  a t  the  s t a r t  o f  t he  period, t o  t he  f i na l  temperature o f  

about 4 1 ° ~ ,  which i s  i n  reasonably good agreement with t he  heat content given 

i n  tab le  16 and f igure  45. 

Some observations concerning the  dynamic behaviour o f  t he  heat storage un i t  

i s  noticed from f igure  16: 





Table 17. Data for the hot water consumption during the dynamic experiment 
with the Na S 0 water mixture, 

2 2 3  



on the 

collector 

Table 18, Daily energy quantities For the heat storage unit with the Na2S203 

water mixture during the dynamic experiment. 

Since cold water during hot water consumption enters the bottom of the hot 

water tank, low temperatures appear here in periods after hot water consump- 

tion, In such periods with the solar collector in operation, the low water 

temperatures do not influence the temperature of the solar collector fluid 

significantly, Like this, the Low temperatures inside the heat storage are 

not optimaEly utilized to increase the gain From the solar collector. E t  i s  

also noticed that in the morning of the 2nd day, that is in a period with 

storage temperatures below the melting point of 48OC and energy supply from 

the solar collector, temperature differences between the salt water mixture 

and the water do not exist to a great extent, Therefore such temperature 

differences are not utilized to obtain high hot water temperatures quickly in 

sunny periods, The dynamic behaviour is, to a certain ext@nt, related to the 

salt watef mixture, but first of all to the design of the heat storage unito 

Therefore the dynamic behaviour of the storage will be discussed in detail 

later, in section 4.7* 



The duration o f  the  experiments with the Na2S203 water mixture was about 2 

months. The Na2S203 water mixture d i d  not cause any v i s i b l e  corrosion during 

t h i s  period, 

4.3 Results from the  experiments with the  heat storage un i t  with t he  Na3RP04 ----- -- --- 4- 

water mixture 

The thermal loss  c o e f f i c i e n t  was measured a t  3 d i f f e r e n t  storage tempera- 

t u re s ,  The r e su l t s  are given i n  table  

temperature, " C  

Thermal loss  c o e f f i c i e n t ,  

Table 19, Thermal l o s s  c o e f f i c i e n t  for  the  heat storage u n i t  with t he  Na2HP04 

water mixture a t  d i f f e r e n t  s.torage temperatures. 

The quanti ty  o f  the  thermal loss  corresponds t o  t he  theore t i ca l l y  calculated 

thermal loss  from a 300  l tank insulated with about 5 cm o f  mineral wool, see 

( 3 ) ,  Since the  heat storage un i t  i s  insulated with 10 cm o f  mineral wool, 

the  thermal losses  caused b y  thermal bridges are reasonably small, 

The heat content was measured b y  two heating periods, one i n  the  s t a r t  and 

one a t  t h e  end o f  the  e>eperimental period, The heat content o f  the  heat sto-  

rage un i t  was found t o  be i n  good agreement with the  theore t i ca l l y  calculated 

heat content ,  and no decrease i n  t he  heat content during the  experimental 

period o f  about 2 months was observed, The heat content consis ts  o f  contri-  

butions from the  s a l t  water mixture, the  water, the  s t e e l  container material 

and the  solar col%ector f l u i d  si tuated i n  t he  heat exchanger sp i ra l ,  The 

theore t i ca l l y  calculated heat content o f  the  heat storage un i t  i n  t he  temper- 

ature in terval  0 - 1 0 0 ~ ~  i s  given i n  tab le  20 and f igure  47@ The melting 

point for  Na2HP04 12FI20 i s  35OP., and for  temperatures above 35O~ the  heat 

content increases l i near i l y  with the  temperature@ 



Table 20.  Heat con ten t  of  t h e  h e a t  s t o r a g e  u n i t  w i th  h t e  Na HP0 water  mixture .  
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Content 

Wh 

hea t  s torage  uni 

0 
s torage  temperature, C 

Figure 1 7 ,  Heat content  of the  h e a t  s torage  u n i t  with the  
Na HP0 water mixture versus the  h e a t  s torage  

2 4 
temperature. 



The heat transfer power per OC temperature difference between the solar col- 

lector fluid and the heat storage material. was measured for different heating 

periods with a volume flow of 6 l/min, The heat transfer power per OC temp- 

erature difference between the solar collector fluid and the heat storage 

increases concurrently with the increase of the heat storage temperature a.nd 

with the progression of the melting, The quantity of the heat transfer 

capacity varied from one heating period to another as long as the temperature 

is below the melting point. Relatively large temperature differences inside 

the heat storage appear during the heating period, and the differences vary 

for different locations of the solid and liquid phase inside the storage tank 

at the start of the heating periode Therefore the heat transfer capacity 

must be related to the start conditions for the heat storage unit. Applica- 

ble heat transfer capacities call for very detailed and timeconsuming mea- 

surements where the locations of the solid and liquid phase inside the sto- 

rage tank at the start of the heating period are well defined. Such 

detailed measurements were not carried out, and therefore quantiti es of the 

heat transfer capacity will not be given, 

The duration of the experiment in the dynamic test facility was 5 days, The 

measured temperatures during the experiment are shown in figure 18. The 

temperatures in the top, in the middle and at the bottom of the hot water 

tank are given, The salt water mixture temperature was measured at 3 loca- 

tions. As long as the temperature i s  below the melting point, large tempera- 

ture differences appear, and therefore the uncertairrty of the mean salt water 

mixture temperature, which is given in the figure, is relatively great, The 

ambient temperature and the temperature of the solar collector fluid leaving 

and enterin9 the storage are given in periods with the solar collector in 

operation, The data for the hot water consumption during the experiment are 

given in table 21, Tc is the teinperature of the cold water entering the heat 

storage, 'F, a-nd Mtap are the mean temperature and the volume of the mixed 

water from the storage system, E is the energy tapped off the heat storage 

during each tapping, 





TabLe 2 1 ,  Data f o r  t h e  h o t  water consumption dur ing  the  dynamic experiment 
wi th  .the Na H P 0  water mixture.  
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c o l l e c t o r  

Table 22. Daily energy q u a n t i t i e s  f o r  t h e  h e a t  s t o r a g e  u n i t  wi th  t h e  Na2RP04 

water mixture  dur ing  t h e  dynamic experiment. 

The important  q u a n t i t i e s  f o r  h e a t  s t o r age  system du r ing  t h e  tes t  pe r iod  a r e  

given i n  t a b l e  22. The nega t ive  energy suppEy t o  t h e  h e a t  s t o r a g e  on t h e  

t h i r d  day wi th  t h e  vary ing  s o l a r  i r r a d i a t i o n  on t h e  s o l a r  c o l l e c t o r  is  caused 

by a f a i l u r e  i n  t h e  c o n t r o l  system. The energy tapped o f f  and l o s t  from t h e  

hea t  s t o r age  du r ing  t h e  pe r iod  was 29500 h%, whi le  t h e  energy supply t o  t h e  

hea t  s t o r a g e  was 43100 Wh, This  change i n  h e a t  con ten t  dur ing  t h e  experlmen- 

t a P  pe r iod  of 13600 Wh corresponds t o  a mean h e a t  s t o r a g e  temperature  rise 

from about  26OC a t  t h e  s t a r t  of t h e  pe r iod  t o  t h e  f i n a l  temperature  of about  

51°C, which is  i n  reasonably good agreement wi th  t h e  h e a t  con ten t  given i n  

t a b l e  20 and f i g u r e  19. 

Some observa t ions  concerning t h e  dynamic behaviour  of t h e  h e a t  s t o r a g e  u n i t  

i s  no t i ced  from f i g u r e  18: 



Since cold water during hot water consumption enters the bottom of the hot 

water tank, low temperatures appear here in periods after hot water consump- 

tion. In such periods with the solar collector in operation, the low water 

temperatures do not influence the temperature of the solar collector f luid 

sigaifiearstly, Like this the low temperatures inside the heat storage are 

not optimally utilized to increase the gain from the solar collector, It is 

also noticed that in the morning of the first day, that is in a period with 

storage temperatures below the melting point of 3So@ and energy supply from 

the solar co9.1ector8 temperature differences between the salt water mixture 

and the water appear, but the differences are relative9.y small, Therefore 

these temperature differences are not optimally utilized to obtain high hot 

water temperatures quickly in sunny periods, The dynamic behaviour is to a 

certain extent rela.ted to the salt water mixture, but first of all to the 

design of the heat storage unit, Therefore the dynamic behaviour of the sto- 

rage will be discussed in detail later in section 4.7, 

The duration of the experiments with the Na2RPOq water mixture was about 2 

months, The Na28PO4 water mixture did not cause any visible corrosion during 

this period, 

4,4 Results from the experiments with the heat storage unit with the Wa2GXl3 ---v----.-- 

water mix= 

The thermal loss coefficient was measured at 3 different skorage tempera- 

tures. The results are given in table 2 3 *  

Beat storage 

Thermal loss 

Table 2 3 ,  Thermal loss coeff.icl.ent for the heat storage unit with the 

Na2@03 water mixture at different storage temperatures. 



The quanti ty o f  the  thermal loss  corresponds t o  the  theore t ica l ly  calculated 

thermal loss  from a 3 0 0  l tank insulated with about 5 cm o f  mineral wool, see 

( 3 9. Since the  heat storage un i t  i s  insulated with 10 cm o f  mineral wool, 

the  thermal losses caused by thermal bridges are reasonably small, 

The heat content was measured by two heating periods, one i n  the  s t a r t  and 

one a t  the  end o f  the  experimental period. 

The heat content o f  the  heat storage un i t  was found t o  be i n  good agreement 

with the  theore t ica l ly  calculated heat content ,  and no decrease i n  the  heat 

content during the  experimental period o f  about 2 rconths was observed* The 

heat content consis ts  o f  contributions from the  s a l t  water mixture, the  

water, the  s tee l  container material and the  solar col lector  f l u id  si tuated i n  

the  heat exchanger sp i ra l ,  The theore t ica l ly  calculated heat content o f  the  

heat storage un i t  i n  the  temperature in terval  0 - ' IOOOC i s  given i n  tab le  24 

and f igure  99. The melting point for  Na2C03n1DH20 i s  3 3 O ~ ,  and for  tempera- 

tures  above 33O~ the  heat content increases l i near i l y  with the  temperature. 

The heat t rans f e r  power per OC temperature d i f f e r e ~ ~ c e  between the  solar col- 

lec tor  f l u i d  and the  heat storage material was measured for  d i f f e r e n t  heating 

periods with a volume flow o f  6 l /min,  The heat t rans fer  power per "C temp- 

erature d i f f e r ence  between the  solar col lector  f l u id  and the  heatsstorage 

increases concurrently with the  increase o f  the  heat storage temperature and 

with t he  progression o f  the  melt ing,  The quanti ty o f  the  heat t rans f e r  

capacity varied from one heating period t o  another as long as the  temperature 

i s  below the  melting point, Relatively Earge temperature d i f f e r ences  ins ide  

the  heat storage appear during the  heating period, and the  d i f f e r ences  vary 

for d i f f e r e n t  locations o f  the  solid and l iquid  phase Lnside the  storage tank 

a t  the  s t a r t  o f  the  heating period, Therefore the  heat t rans f e r  capacity 

must be related t o  the  s t a r t  conditions for  the  heat storage u n i t ,  Applica- 

b le  heat t rans f e r  capacit ies ca l l  for  very detailed and timeconsuming mea- 

surements where the  locations o f  the  solid and l iquid  phase ins ide  the  sto- 

rage tank a t  the  s t a r t  o f  the  heating period are well def ined.  Such detailed 

measurements were not carried out and there fore  quant i t ies  o f  the  heat trans- 

f e r  capacity w i l l  not be given, 



Hea t  c o n t e n t  0.:. 

203 kg ?Ja7CO3 
w a t e r  m i x t u r e  
w i t 1 1  33% anhy- 
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T a b l e  24. H e a t  c o n t e n t  of the  heat  s t o r a g e  unit wi.th the  N a  CO water m i x t u r e .  
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Figure 19. Beat con ten t  of t h e  h e a t  s t o r age  u n i t  wi th  t h e  
Na CO water  mixture  versus  t he  h e a t  s t o r a g e  

2 3 
temperature .  



The dura t ion  of t h e  experiment i n  t h e  dynamic t e s t  f a c i l i t y  was t h e  f i r s t  

t h r e e  days of t h e  f i v e  days period.  The measured temperatures  dur inq  t h e  

experiment a r e  shown i n  f i g u r e  2.0. The temperatures  i n  t h e  t o p ,  i n  t h e  mid- 

d l e  and a t  t h e  bottom of t h e  ho t  water tank a r e  given. The s a l t  water mix- 

'cure temperature was measured a t  3 l oca t ions .  A s  long a s  t h e  temperature is  

below t h e  mel.ting p o i n t ,  l a r g e  temperature d i f f e r ences  appear ,  and t h e r e f o r e  

t h e  unce r t a in ty  of t h e  mean s a l t  water mixture temperature which i s  given i n  

t h e  f i g u r e  i s  r e l a t i v e l y  y r e a t ,  The ambient temperature and t h e  temperature 

of t h e  s o l a r  col . lector  f l u i d  leavinq  and e n t e r i n g  t h e  s to rage  a r e  given i n  

per iods  with t h e  s o l a r  c o l l e c t o r  i n  opera t ion .  The da t a  f o r  t h e  h o t  water 

consumption dur ing  t h e  experiment a r e  yiven i n  t a b l e  25. 'Sc i s  t h e  tempera- 

t u r e  of t h e  cold water e n t e r i n q  t h e  hea t  s to rage ,  Tw and Mtap a r e  t h e  mean 

temperature and t h e  volume of t h e  mixed water from t h e  s to rage  system. L i s  

t h e  enerqy tapped off  t h e  hea t  s to raqe  during each tapping.  

The i.mportant q u a n t i t i e s  f o r  t h e  hea t  s to rage  system dur ing  t h e  t e s t  pe r iod  

a r e  given i n  t a b l e  26. 'The neaati.ve energy supply t o  t h e  hea t  s to rage  on t h e  

t h i r d  day with t h e  varyinq s o l a r  i r r a d i a t i o n  on t h e  s o l a r  c o l l e c t o r  i s  caused 

by a  f a i - l u re  in t h e  con t ro l  system. The energy tapped of f  and l o s t  from t h e  

hea t  s to rage  dur ing  t h e  period was 16000 Wh, while t h e  energy supply t o  t h e  

hea t  s to raqe  was 25500 Wh, This change i n  hea t  conten t  dur ing  t h e  experimen- 

ta l .  per iod of 9500 Wh corresponds t o  a  mean hea t  s to rage  temperature r i s e  

from about 2T0c, a t  t h e  s t a r t  of t h e  per iod ,  t o  t h e  f i n a l  temperature of 

about 3 2 O ~ ,  which is  i n  reasonably qood agreement with t h e  hea t  conten t  given 

i n  t a b l e  24 and f i g u r e  19. 

Some observa t ions  concerning t h e  dynamic behaviour of t h e  hea t  s to rage  u n i t  

i s  not iced  from f i g u r e  2 0 :  





Table 25.  Data f o r  t h e  ho t  water consumption dur ing  t h e  dynamic experiment 
with t h e  Na CO water mixture.  
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Time Solar 
irradiation 
on the 
solar 
collector 

day Wh 

Energy 
supply 
from the 
solar 
heating 
system to 
the heat 
storage 

Energy Thermal 
tapped off loss 
the heat 

Table 2 6 *  Daily energy quantities for the heat storage unit with the Wa2C03 

water mixture during the dynamic experiment. 

Since cold water during hot water consumption enters the bottom of the hot 

water tank, low temperatures appear here in periods after hot water consump- 

tion, In such periods with the solar collector in operation, the low water 

temperatures do nut influence the temperature of the solar collector fluid 

significantly, Like this, the low temperatures inside the heat storage are 

not optimally utilized to increase the gain from the solar collector, It is 

also noticed that in the morning of the first day, that is in a period with 

storage temperatures below $he melting point of 33O@ and energy supply from 

the solar collector, temperature differences between the salt water mixture 

and the water almost d.o not appear, Therefore such temperature differences 

are not utilized to obtain high hot water temperatures quickly in sunny per- 

iods. The dynamic behaviour is, to a certain extent, related to the salt 

water mixture, but first of all to the design of the heat storage unit. 

Therefore the dynamic behaviour of the storage will be discussed in detail 

later in section 4,7. 



The duration o f  t he  experiments with the  Na2C03 water mixture was about 2 

months, The Na2C03 water mixture d i d  not cause any v i s i b l e  corrosion during 

t h i s  period, 

4,s Results from the  experiments with t he  heat storage un i t  w i t h  t h e  Na2S04 - 
water mixture 

The thermal loss  c o e f f i c i e n t  was measured a t  3 d i f f e r e n t  storage tempera- 

tures .  The r e su l t s  are given i n  table  27. 

Table 27. Thermal loss  c o e f f i c i e n t  for  the  heat storage un i t  with the  Na2S04 

water mixture a t  d i f f e r e n t  storage temperatures. 

The quanti ty  o f  the  thermal loss  corresponds t o  t he  theore t i ca l l y  calculated 

thermal loss  from a 3 0 0  l tank insulated with about 6 cm o f  mineral wool, see 

( 3 ) . Since t he  heat storage un i t  i s  i.nsulated with 10 cm o f  mineral wool, 

the  thermal losses  caused by thermal bridges are reasonably small. 

The heat content was measured by two heating periods, one i n  the  s t a r t  and 

one a t  the  end o f  the  experimental period* The heat content o f  the  heat sto- 

rage un i t  was found t o  be i n  good agreement with t he  theore t i ca l l y  calculated 

heat contentp and no decrease i n  t he  heat content during t he  experimental 

period o f  about 2 months was observed. The heat content consis ts  o f  eontri-  

butions from the  s a l t  water mixture, t he  water, the  s t e e l  container material 

and the  solar col lec tor  f l u id  si tuated i n  the  heat exchanger sp i ra l ,  The 

theore t i ca l l y  calculated heat content o f  the  heat storage un i t  i n  t he  temper- 

ature in terva l  0 - 100°C i s  given i n  tab le  28  and f igure  21. The melting 

point for  Na2S04 10H20 i s  32.4OC, and for  temperatures above 3 2 e 4 0 ~  the  

heat content increases l i near i l y  with the  temperature, 



Table 2 8 ,  Heat content of the  hea t  s torage  u n i t  with the  Na2S04 water mixture. 



Heat 

content 
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Figure 21. Heat content of the heat s torage u n i t  with the Na SO 
2 4 water mixture versus the heat  s torage temperature, 



The heat t rans f e r  power per OC temperature d i f f e r e n c e  between the  solar col- 

lec tor  f l u i d  and the  heat storage material was measured for  d i f f e r e n t  heating 

periods with a volume flow o f  6 I/mial, The heat t rans f e r  power per OC temp- 

erature d i f f e r ence  between the  solar col lec tor  f l u i d  and the  heat storage 

increases concurrently with the  increase o f  the  heat storage temperature and 

with t he  progression o f  the  melt ing,  The quant i ty  o f  the  heat t rans f e r  

capacity varied from one heating period t o  another as long as t he  temperature 

i s  below the  melting point* Relatively large temperature d i f f e r ences  ins ide  

the  heat storage appear during the  heating period, and the  d i f f e r ences  vary 

for  d i f f e r e n t  locations o f  the  solid and l iquid  phase ins ide  t he  storage tank 

at  the  s t a r t  o f  the  heating period, therefore  the  heat t rans f e r  capac.ity 

must be related t o  the  s t a r t  conditions for  t he  heat storage un i t .  Applica- 

b le  heat t rans f e r  capacit ies ca l l  for  very detailed and timeconsuming mea- 

surements where the  locations o f  the  solid and l iqu id  phase ins ide  the  sto-  

rage tank at  the  s t a r t  o f  the  heating period axe well de f ined ,  Such 

detailed measurements were not carried ou t ,  and there fore  quant i t i e s  o f  t he  

heat t rans f e r  capacity w i l l  not be given, 

The duration o f  the  experiment i n  the  dynamic t e s t  f a c i l i t y  was f i v e  days. 

The measured temperatures during the  experiment are shown i n  f igure  2 2 .  The 

temperatures i n  t he  t o p ,  i n  the  middle and a t  the  bottom o f  t he  hot  wat@r 

tank are given, The s a l t  water mixture temperature was measured a t  3 loca- 

t i o n s ,  As  long a s  the  temperature i s  below the  melting point ,  Large tempera- 

ture  d i f f e r ences  appear, and therefore  the  uncertainty o f  the  mean s a l t  water 

mixture temperature tsrbich i s  given i n  the  f igure  i s  r e la t i v e l y  great, The 

ambient temperature and the  temperature o f  the  solar col lec tor  f l u id  leaving 

and entering the  storage are given i n  periods wi th  t he  solar col lec tor  i n  

operation, The data for  the  hot water consumption during the  experiment. are 

given i n  table  2 9 *  T c  i s  the  temperature of t h e  cold water entering t he  heat 

storage, ?Iw and M t a p  are the  mean temperature and t he  volume o f  the  mixed 

water from the  storage system, L i s  the  energy tapped o f f  t he  heat storage 

during each tapping. 





Table 29 ,  Data f o r  t he  h o t  water consumpti-on dur ing  t h e  dynamic experiment 
wi th  the  Na SO water mixture.  
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The important quant i t i e s  for  the  heat storage system during t he  t e s t  period 

are given i n  table  3 0 e  The negative energy supply t o  the  heat storage on the  

th ird  day with t he  varying solar i rradiat ion on the  solar col lec tor  i s  caused 

by a fa i lure  i n  the  control system. The enerqy tapped o f f  and l o s t  from the  

heat storage during the  period was 31500 Wh, while t he  energy supply t o  the 

heat storage was 45700 W h ,  This change i n  heat content during the  experimen- 

tax  period o f  14200 Wh should correspond t o  the  mean heat storage temperature 

r i s e  from about 22%, a t  the  s t a r t  o f  the  period, t o  the  f i na l  temperature o f  

about 5 2 O ~ .  Accordincy to tab le  28 and f igure 21 t h i s  temperature r i s e  cor- 

responds t o  a change i n  the  heat content o f  56800 W h ,  Therefore these  mea- 

surements must be de f ec t i v e  t o  a cer tain  extent .  

Some observations concerning the  dynamic behaviour o f  the  heat storage un i t  

i s  noticed from f i yure  2 2 :  

col lec tor  

Table 30, Daily energy quant i t i e s  for t he  heat storage un i t  with the N a 2 S O q  

water mixture during t he  dynamic experiment* 



Since cold water during hot water consumption enters the  bottom o f  the  hot  

water tank ,  low temperatures appear here i n  periods a f t e r  hot water consump- 

t i o n ,  In such periods with the  solar collector i n  operation, the  low water 

temperatures do not in f luence the  temperature o f  the  solar collector f l u i d  

s i g n i f i c a n t l y ,  Like t h i s ,  the  low temperatures ins ide  the  heat storage are 

not optimally u t i l i z ed  t o  increase the  gain from the  solar co l lec tor ,  I t  i s  

also noticed t ha t  i n  the  morning o f  the  f i r s t  day, t ha t  i s  i n  a period with 

storage temperatures below the  melting point o f  3 2 O ~  and enerw  supply from 

the  solar co l lec tor ,  temperature d i f f erences  between the  s a l t  water mixture 

and the  water almost do not appear, Therefore such temperature d i f f e r ences  

are not u t i l i z ed  t o  obtain high hot water temperatures quickly i n  sunny per- 

iods. The dynamic behaviour i s ,  t o  a certain ex t en t ,  related t o  the  s a l t  

water mixture, hut f i r s t  o f  a l l  t o  the  design o f  the  heat storage u n i t .  

Therefore the  dynamic behaviour of the  storage w i l l  be discussed i n  de ta i l  

l a t e r ,  i n  section 4 . 9 ,  

The duration o f  the  experiments with the  Wa2S04 water mixture was about 2 

months. The Na2S04 water mixture d i d  not cause any v i s i b l e  corrosion during 

t h i s  period. 

4,Q Results from the  experiments with the  heat storage u n i t  with water 

The thermal loss  c o e f f i c i e n t  was measured a t  3 d i f f e r e n t  storage tempera- 

tures .  The resu l t s  are given i n  table  31. 

Table 3'1. Thermal loss  csoeffi-cient for  the  heat storage un i t  with water a t  

d i f f e r e n t  storage temperatures. 



The q u a n t i t y  of t h e  thermal l o s s  corresponds t o  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  

thermal  l o s s  from a 3 0 0  l tank i n s u l a t e d  with about  5 cm of mineral  wool, s ee  

( 3 ) .  S ince  t h e  hea t  s t o r age  u n i t  i s  i n s u l a t e d  with 40 cm of minera l  wool, 

t h e  thermal l o s s e s  caused by thermal  br idges  a r e  reasonably small ,  

The h e a t  con ten t  was measured by a h e a t i n g  pe r iod ,  and t h e  measurement was i n  

good agreement with t h e  c a l c u l a t e d  h e a t  c o n t e n t e  The h e a t  con ten t  i n  t h e  

temperature  i n t e r v a l  0 - I O O Q ~  i s  given i n  f i g u r e  23. 

The hea t  t r a n s f e r  power pe r  OC temperature  d i f f e r e n c e  between t h e  s o l a r  co l -  

l e c t o r  f l u i d  and t h e  h o t  water tank was measured f o r  a h e a t i n g  pe r iod  wi th  a 

volume flow of 6 L/rnin. The r e s u l t s  a r e  shown i n  f i q u r e  2 4 ,  where t.he h e a t  

t r a n s f e r  capac i ty  i s  given a s  a func.t inn of t h e  s to rage  temperature ,  The 

h e a t  t r a n s f e r  capac i ty  i nc reases  f o r  i nc reas ing  h e a t  s t o r a g e  temperature .  

The du ra t i on  of t h e  experimenk i n  t h e  dynamic t e s t  F a c i l i t y  was 5 days,  The 

measured temperatures  dur ing  t h e  experiment a r e  shown i n  f i g u r e  25. The 

temperatures  i n  t h e  t op ,  i n  t h e  middle and a t  t h e  bottom of both t h e  h o t  

water  tank and t h e  s to rage  tank a r e  given. 

The ambient temperature  and t h e  temperature  of t h e  s o l a r  col lectolc  f l u i d  

l eav ing  and e n t e r i n g  t h e  s to rage  a r e  given i n  pe r iods  with t h e  s o l a r  c o l l e c -  

t o r  i n  ope ra t i on ,  The d a t a  f o r  t h e  h o t  water  concumption dur ing  t h e  exper i -  

ment a r e  given i n  t a b l e  3 2 ,  T, i s  t h e  temperature  of t h e  co ld  water  e n t e r i n g  

t h e  h e a t  s t o r a g e ,  Tw and PItap a r e  t h e  mean tempera t~are  and t h e  volume of t h e  

mixed water  from t h e  s t o r a g e  system. E is  t h e  energy tapped o f f  t h e  h e a t  

s t o r age  du r ing  each tapping ,  
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Figure 23. Heat con ten t  of  t h e  h e a t  s t o r age  u n i t  wi th  water  
versus  t h e  h e a t  s t o r age  temperature .  
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Figure 24. Heat t r a n s f e r  power p e r  C temperature d i f f e r e n c e  between 

the  s o l a r  c o l l e c t o r  f l u i d  and t h e  h o t  water tank ve r sus  
t he  h o t  water tank temperature.  The s to rage  m a t e r i a l  i s  
water ,  t h e  f l u i d  v e l o c i t y  6 l/min and t h e  power i n p u t  
1400 W. 





Table 3 2 ,  Data f o r  the  hot  water consumption during the  dynamic experiment 
with water a s  s to rage  mater ia l .  



The important quant i t i e s  for  the  heat storage system during the  t e s t  period 

are given i n  table  3 3 .  The negative energy supply t o  t he  heat storage on t h e  

th i rd  day with the  varying solar i rradiat ion on t he  solar co l l ec tor  i s  caused 

by a  f a i l u re  i n  t he  control system, The energy tapped o f f  and l o s t  from the  

heat storage during the period was 30000 Wh, while the  energy supply t o  t h e  

heat storage was 41600 Wh, This change i n  heat content during t he  experimen- 

t a l  period o f  11600 Wh corresponds t o  the  mean heat storage temperature r i s e  

from about 2 3 O ~  t o  abour 60°@, which i s  i n  good agreement wi th  t he  heat con- 

t e n t  given i n  f igure  2 3 .  

Time 
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5 

Total 
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i rradiat ion 
on the  
solar 
col lec tor  

Energy 
supply 
from the  
solar 
heating 
system t o  
the  heat 
storage 

Energy Thermal 
tapped o f f  l o s s  
the  heat 
storage 

Wh Wh 

Table 3 3 .  Daily energy quant i t i e s  f o r  the  heat storage un i t  wi th  water as 

storage material during the  dynamic experiment, 

Some observations concerning the  dynamic behaviour o f  the  heat storage un i t  

i s  noticed from f igure 2 5 :  

Since cold water during hot water consumption enters  the  bottom o f  t he  ho t  

water tank,  low temperatures appear here i periods a f t e r  hot  water consump- 



t i o n .  In  such per iods  with t h e  s o l a r  c o l l e c t o r  i n  ope ra t ion ,  t h e  low water 

temperatures do not  in f luence  t h e  temperature of t h e  s o l a r  c o l l e c t o r  f l u i d  

s i g n i f i c a n t l y ,  Like t h i s  t h e  low temperatures  i n s i d e  t h e  h e a t  s t o r a g e  a r e  

not  op t imal ly  u t i l i z e d  t o  i nc rease  t h e  gain from t h e  s o l a r  c o l l e c t o r ,  The 

dynamic behaviour of t h e  h e a t  s to rage  u n i t  i s  i n c i d e n t a l l y  r e l a t e d  t o  t h e  

design of t he  s to rage ,  which w i l l  be d iscussed  i n  s e c t i o n  4,7. 

4 , 7  Sununary of t h e  r e s u l t s  from the experiments and t h e  dynamic behaviour of -.-p---. -- 

t h e  hea t  s t o r a g e  u n i t  

The measured thermal l o s s e s  from the  h e a t  s to rage  u n i t  with t h e  d i f f e r e n t  

h e a t  s to rage  m a t e r i a l s  were of a  reasonably small  amount, The d i f f e r e n c e s  

between the  s to rage  l o s s e s  with t h e  d i f f e r e n t  s to rage  m a t e r i a l s  a r e  caused by 

changes i n  t h e  i n s u l a t i o n  of t h e  p ipes  breaking  t h e  i n s u l a t i o n ,  The thermal  

l o s s  from thermal br idges  depends very much of how c a r e f u l 1  t h e  i n s u l a t i o n  

work is c a r r i e d  out .  This exp la ins  t h e  changes i n  t h e  thermal l o s s  from one 

experimental per iod  t o  another .  

The measured hea t  con ten t s  of t h e  h e a t  s t o r a g e  u n i t  with t h e  5 d i f f e r e n t  s a l t  

water mixtures  and water a s  t h e  s t o r a g e  m a t e r i a l  a r e  shown i n  f i g u r e  26. 

These q u a n t i t i e s  a r e  i n  good agreement wi th  t h e  c a l c u l a t i e d  values.  No 

decrease i n  t h e  hea t  s to rage  capac i ty  dur ing  t h e  experimental  per iod  of about  

two months f o r  each s a l t  water mixture was observed, 

For temperatures  below t h e  mel t ing  p o i n t  t h e  q u a n t i t y  of t h e  h e a t  t r a n s f e r  

capac i ty  from t h e  s o l a r  c o l l e c t o r  f l u i d  t o  t h e  h e a t  s to rage  v a r i e s  from one 

hea t ing  per iod  t o  another .  This i s  caused by d i f f e r e n t  l o c a t i o n s  of t h e  

s o l i d  and l i q u i d  phase i n s i d e  t h e  s t o r a g e  tank .  

A t  f i r s t ,  t h e  lowest p a r t  of t h e  h e a t  exchanger s p i r a l  was l o c a t e d  a  l i t t l e  

above t h e  bottom of t h e  s to rage  tank.  This  l o c a t i o n  was changed be fo re  t h e  

experiments were c a r r i e d  ou t  because it is n o t  p o s s i b l e  t o  mel t  a l l  t h e  s a l t  

hydrate  c r y s t a l s  dur ing  a  h e a t i n g  per iod  i f  t h e  hea t ing  does no t  t a k e  p l ace  

from beneath. In  o rde r  t o  mel t  a l l  t h e  c r y s t a l s  dur ing  a  h e a t i n g  pe r iod ,  it 
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F i g u r e  26. Measured h e a t  c o n t e n t s  of t h e  h e a t  s t o r a g e  u n i t .  



i s  essent ia l  t ha t  t he  heat t rans f e r  area i s  s i tuated at  t he  bottom o f  the  

tank,  i . e .  beneath the s a l t  hydrate crys ta l s .  

No supercooling o f  importance occurred during the  operation o f  the  heat sto- 

rage un i t *  This i s  caused e i ther  by impurit ies i n  the  s a l t s  or by the  temp- 

eratures a t  the  bottom o f  t he  hat  water tank f a r  below the  melt ing point 

a f t e r  hot water consumption. The dynamic behaviour o f  the  hea,t storage un i t  

was studied by means o f  dynamic experiments. Concerning the  dynamic behav- 

iour ,  the hear storage unic design,  t ha t  i s  t he  form and volume o f  t he  hot 

water tank and the storage tank and t he  form and location o f  the heat exchan- 

ger sp i ra l ,  i s  more important tnan t he  s a l t  water mixture used as storage 

material ,  

For storage remperatures below the  melting point o f  t he  s a l t  hydrate,  a large 

part o f  the  s a l t  water mixture i s  sol id  phase s a l t  hydrate c r y s ta l s .  These 

c ry s ta l s  have a  poor thermal conduct iv i ty ,  and they  make convective heat 

t rans f e r  impossible. Therefore it i s  possible during operation t o  obtain and 

i n  a  long period preserve large temperature d i f f e r ences  ins ide  t he  heat sto- 

rage. That i s :  the  basis  for  temperature d i f f e r ences  are be t t e r  f o r  a  s a l t  

water mixture storage than for  a  hor water storage, and a  proper heat storage 

design should secure t ha t  t he  temperature difEerences are u t i l i z e d  t o  

increase the performance o f  t he  solar heating system, The advantage by using 

a  s a l t  water mixture storage i s  t he re fo re  not  only related t o  t h e  increased 

heat storage capacity,  but t o  the  increased use o f  temperature s t r a t i f i c a t i o n  

as we l l s  The experiences wi th  t h e  t e s t ed  heat stora,ge u n i t  concerning t he  

tem,perature s t r a t i f i c a t i o n  and a description o f  how the  temperature s t r a t i f i -  

cation should be wt i l i zed  i n  such a heat storage w i l l  be given i n  th.e follow- 

ing : 

In sunny periods during and a f t e r  hot  water consumption, the  temperature o f  

t he  solar collector f l u i d ,  which i s  conducted through the  heat exchanger spi- 

r a l ,  d i d  not decrease much. Like t h i s  t he  low temperatures i n s ide  t h e  heat 

storage were not u t i l i z e d  much t o  increase the  enrgy production from the 

solar col lec tors .  This disadvantage i s  caused by an inappropriate placing o f  

the  heat exchanger sp i ra l ,  The shortest  distance from the heat exchanger 



spiral  t o  the  hot water tank i s  about 8 mm, and the  spiral  i s  s i tuated around 

a  large part o f  t h e  height o f  ehe hot water tank ,  The heat exchanger sp i ra l  

i s  placed a t  too  long a  distance from the  hot  water t a n k ,  For ins tance ,  a 

par t ia l l y  placing o f  t h e  neat exchanger spiral  ins ide  t h e  hot water tank 

could be a  solut ione  Furthermore, most o f  t h e  spiral  shou1.d be placed a t  t h e  

l e v e l  o f  t h e  bottom o f  t h e  hot water tank ,  where cold water enters  t h e  sto-  

rage during tapping. In any case,  it i s  important t h a t  good thermal contact  

e x i s t s  between t h e  heat exchanger spiral  and t h e  bottom o f  t h e  hot  water 

tank.  

As long as the  storage temperatures are below t h e  melting point ,  temperature 

s t r a t i f i c a t i o n  i n  t h e  hot water tank resu l t ing  from hot water tapping i s  pre- 

served t o  a  cer ta in  e x t e n t ,  because t h e  convection i n  t h e  s a l t  water mix ture ,  

which f o r  temperatures above t h e  mel-ring point j.s responsible for  a  quick 

equalization o f  the  temperature d i f f e r e n c e s ,  does not e x i s t  f o r  low storage 

temperatures, This preservation would have been u t i l i z e d  with a  proper 

design o f  the  heat exchanger sp i ra l .  

During heacing periods a t  temperatures below t h e  melting point ,  t h e  tempera- 

ture  o f  the  water i n  t h e  hot  water tank was not much higher than t h e  tempera- 

ture  o f  t h e  s a l t  hydrate  crystal.^, In t h i s  way almost all .  t h e  heat storage 

i s  heated equally during the  heating period, and high usable hot water temp- 

eratures are not  reached qu ick ly ,  This i s  caused by t h e  inappropriate plac- 

ing o f  t h e  heat exchanger s p i r a l ,  The sp i ra l  i s  s i tuated i n  such a  way t h a t  

s a l t  hydrate c r y s t a l s  surround a l l  t h e  sur face  area o f  t h e  s p i r a l ,  The spi-  

ral  should be designed i n  such a  way t.hat t h e  heat t r a n s f e r  area surrounded 

by c r y s t a l s  i s  as small as possibl-e, considering t h a t  a l l  c r y s t a l s  should 

melt as soon as t h e  mel.ting point has been reached, With such a  wel l  

designed heat stora.ge u n i t ,  only t h e  water i n  t h e  hot  water tank and a  small 

part o f  t h e  s a l t  hydrate c r y s t a l s  are heated as long as t h e  temperatures are 

below the  rnelcing point due t o  t h e  poor thermal conductivi ty  o f  t h e  c r y s t a l s ,  

Hot water temperatures, equal t h e  melt ing point ,  are quickly  produced. When 

the  water temperacure has reached the  melt ing point ,  t h e  heat t r a n s f e r  from 

the  solar co l l ec tor  and t h e  water t o  t h e  s a l t  water mixture should increase 

rapidly ,  resu l t ing  i n  the  melt ing o f  a l l  s a l t  hydrate c r y s t a l s .  This  i s  pos- 



s ib le  due t o  natural con~rection i n  the  melted s a l t  water mixture,  I n  t h i s  

way t h e  neat storage c a p a c i ~ y  o f  t h e  heat storage u n i t  var ies  wi th  t h e  sto- 

rage temperacure and with t h a t  with t h e  r a t i o  between t h e  hot water consump- 

t i o n  and the  available qxanti.ty o f  solar energy, For low storage tempera- 

t u r e s ,  t h a t  i s  i n  periods with a  Large r a t i o  between the  hot  water 

consumption and tile available quanti ty  o f  so9.a.r energy, t h e  heat. storage 

capacity i s  small,  For high storage temperatures, t h a t  i s  i n  periods wi th  a  

small raico between t h e  hot water consumption and t h e  available quant i ty  o f  

solar energy, the  heat storage capacity i s  large ,  In t h i s  way both short and 

long sunny periods are u t i l i z e d  i.n a more e f f i c i e n t  way than for  tra.di t ional  

hot. water storacyes, This advantage w i l l  decrease wi th  an increase i n  the  

duration o f  t h e  period from tne  energy production t o  t h e  hot water consump- 

t ion ,  

During a  long period with a large r a t i o  between t h e  hot  water consumption and 

the  quanti ty  o f  available solar energy, t h e  heat t r a n s f e r  from t h e  s a l t  solu- 

t i o n  t o  the  hot water tank i s  small due t o  t h e  c r y s t a l s  s i tuated  on t h e  sur- 

face o f  t h e  hot water tank ,  By t h e  care fu l  design o f  t h e  heat storage u n i t  

t h i s  disadvantage must be taken i n t o  consideration as well as t h e  advantage 

described i n  t h i s  sec t ion ,  

The s t e e l  tanks a.rtd t he  steel.  heat exchanger were strongly attacked by t h e  

N ~ C ~ ~ C O O  water mixture,  The corrosion was caused by small amounts o f  impuri- 

t i e s  o f  ace t i c  acid i n  t h e  s a l t ,  The ace t i c  acid must be neutral ized ,  for 

instance by adding smal.l. amoullts o f  Na2@0-3 t o  t h e  s a l t ,  in order t o  avoid 

corrosion, It i s  there fore  important t o  know t h e  impuri t ies  i n  the  s a l t  t h a t  

i s  used as storage mater ia l ,  None o f  t h e  other s a l t  water mixtures caused 

any v i s i b l e  corrosion, 



5, T H E  YEARLY THERMAL PERFOIWANCE OF SOLAR HEATING SYSTEMS FOR DOMESTIC AO'L' p-.- - - 
WATER S U P P L Y  WITH BEAT OF F U S I O N  STORAGE A N D  HOT WATER STORAGES 

--p- 

5 - 1  Assumptions for  the  calcularions ---pp-.p --- p 

The year1.y thermal performance o f  small solar heating systems for  domestic 

hot  water supply i s  found b y  use o f  computer calculat ions ,  The solar heating 

systems which are used in  t he  calculations are shown schematically i n  f igure  

2 7 ,  The auxi.liarq! energy source i s  an o i l  f i red  bo i ler  because t h i s  i s  t h e  

kind o f  systems, which are used most i n  Denmark, Two d i f f e r e n t  storage types  

are used: a t radi t ional  hot water storage and the  heat o f  fus ion storage un i t  

making use o f  a  s a l t  water mixture as storage material based on the  extra  

water pr inciple ,  designed as described i n  the  previous sect ions ,  

The computer program simulates t he  solar heating system, On t h e  basis  o f  t he  

data o f  the  Danish Test  Reference Year ( 1 9 8 0  vers ion)  the solar radiation and 

the  heat balance for  the  heat storage i s  calculated every h a l f  hour, The 

three parts i n  t he  heat balance are: the  u se fu l  solar energy from the  solar 

col lec tor  c i r c u i t ,  the  heat f o r  t he  hot water consumption and the  thermal 

loss  from the  heat storage t o  t he  environment. For every h a l f  hour these  

quant i t i e s  o f  heat are calculated,  and they are summed up f o r  t h e  year, and 

the  yearly thermal performance o f  the  solar heating system i s  found. 

The assumptions for  the  calculations are l i s t e d  i n  tab le  34, The e f f i c i e n c y  

o f  t he  solar col lec tor  corresponds t o  the  e f f i c i e n c y  o f  the  be s t  solar col- 

l ec tor  which i n  1981 was on t h e  Danish market. I n  order t o  e lucidate  t he  

s u i t a b i l i t y  o f  the  d i f f e r e n t  s a l t  water mixtures,  calculations were carried 

out with no thermal s t r a t i f i c a t i o n  ins ide  t he  heat storage, In sect ion 5 , 3  

considera.tions concerning t h i s  assumption are given, 

The t o t a l  u t i l i z e d  solar energy from the  solar heating system consis ts  o f  t h e  

u t i l i z e d  solar energy from the  solar heating system and the  saved thermal 

loss  from the o i l  f i r ed  bo i ler  i n  t he  summer t ime ,  where t he  o i l  burner can 
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Piqure 27.  Schematical i l l u s t r a t i o n  of the  s o l a r  heat ing systems 
with a h o t  water s torage  and a hea t  of fusion storage.  



Solar collector: 

Efficiency for small angles of incidence: 

Tm is the temperature of the solar collector fluid 
in the solar collector, OC 

T, is the ambient temperature, OC 
E is the solar radiation on the solar collector, w/m2 

Tilt: 450 
Orientaeion: Facing south 
Solar collector fluid: Glycol/water solution anti-freezed 

down to -200C 
Solar collector fluid rate: A l/min 

A is the solar collector area, m2 

Heat storage: 
Hot water storage: Heat of fusion storage: 
- - - - - - - - - - - - - - W - -  --------------------W- 

Storage material: Water Partly a salt water mixture 
based on the extra water 
principle according to 
table 2, partly 100 l 
water situated in a hot 
water tank inside 
the storage tank. 

Form : Cylindrical tank Cylindrical tank 
Insulation: 5 cm of mineral wool 5 cm of mineral wool 
Thermal bridges: None None 
Stratification: None None 

Heat transfer power 
per OC temp.dif, 
between the storage 
and the solar 
collector fluid: 200 + 5 Ts w/oC 200 i- 5 T, w/OC 

Ts is the storage temperature, OC 

Pipes in the solar collector circuit: 

Material : Steel 
Dimension: 3/4 '" 
Insulation: 3 cm of mineral wool 
Length : 6 m indoor at 200C 

10 m outside the house 

cont. 



Control  system: 

S t a r t  and s t o p  temperature d i f f e r e n c e  between s o l a r  c o l l e c t o r  f l u i d  
i n l e t  and o u t l e t  of t h e  h e a t  s to rage :  1 0 ~  I 
Hot water consumption: 
Required hot water temperature: 45% 
cold  i n l e t  water temperature: lOoC 

Auxi l ia ry  energy source:  

E f f i c i ency  of t he  o i l  f i r e d  b o i l e r :  Oe85 
Thermal l o s s  of t he  b o i l e r :  350 W 

Heating value of o i l :  9.84 kWh/$ o i l  

Table 34, Assumptions used i n  t h e  c a l c u l a t i o n s  

be turned  o f f  due t o  t h e  lack  of space hea t ing  demand and t h e  h igh  per for -  

mance of t h e  s o l a r  h e a t i n g  system f o r  domestic h o t  water supply. A s  des- 

c r ibed  i n  ( 4 ) ,  a  reasonable assumption is  t h a t  t h e  number of days i n  t h e  sum- 

mer t ime with t h e  o i l  burner  tu rned  o f f  i s  found from: 

150 f o r  SSF 2 95% 

N = 
150 
20 

--- (SSF-75) f o r  75% < SSF < 95% 

0  
< 

f o r  SSF = 75% 

SSF i s  t h e  summer s o l a r  f r a c t i o n ,  t h a t  is t h e  f r a c t i o n  of t h e  summer t ime 

hea t  requirement which i s  rece ived  from t h e  s o l a r  hea t ing  system, The summer 

t ime i s  t h e  months: May, June,  J u l y ,  August and September, where we l l  insu- 

l a t e d  houses have no space hea t ing  demands. 

5.2 Resul t s  from the  c a l c u l a t i o n s  

Calcula t ions  were c a r r i e d  out  with 5  d i f f e r e n t  s a l t  water mixtures.  The mass 

of t h e  s a l t  water mixtures  i n  t h e  s t o r a g e  tank used i n  t h e  c a l c u l a t i o n s  a r e  

c a l c u l a t e d  on t h e  b a s i s  of t h e  d e n s i t i e s  a t  950C according t o  f i g u r e  6. An 

example of t h e  r e s u l t s  w i l l  be given i n  t h e  following. 



The yearly net  u t i l i z e d  solar energy from a  6 m2 solar heating system with a  

da i ly  hot  water consumption o f  200  l i s  shown i n  f igure  28 as a  funct ion o f  

the  t o t a l  storage volume and t he  heat storage material i n  t he  srorage tank 

around the  100 1 hot water tank,  For s imp l i c i t y ,  only t h e  r e su l t s  f o r  water 

and for  three o f  the  f i v e  s a l t  water mixtures are shown. The r e su l t s  f o r  t he  

Na2c03 water mixture with a  melting point o f  3 3 O ~  are very close t o  t he  

r e su l t s  f o r  the  Wa2S04 - and NazHPO4-water mixtures with melting points of 

3 2 0 C  and 35oC respect ive ly .  Therefore t he  r e su l t s  for  the  Na2sog- and 

Na2HPOq-water mixtures are not given i n  t he  f igure .  In addit ion t o  t h e  

yearly net  utj.lized solar energy, the  u t i l i z e d  solar energy i n  the  summer, 

t ha t  i s  i n  the  f i v e  months: May, June, July ,  Augusr and September i s  shown. 

The d i f f e r ences  between the  yearly net  u t i l i z e d  solar energy wi th  t he  d i f f e r -  

ent  heat storages are small. The largest  d i f f e r ences  are about 5 % .  The 

Na2S203 water mixture r e su l t s  i n  the  largest  net  yearly u t i l i z e d  solar 

energy, t he  Na2C03- and the  NaCH3COO-water mixture r e su l t s  i n  about t he  same 

net  yearly u t i l i z e d  solar energy, and the  water r e su l t s  i n  the  smallest ne t  

yearly u t i l i z e d  solar energy. In the  summer months, t he  order o f  the  storage 

materials with decreasing u t i l i z e d  solar energy i s :  Na2s203 water mixture,  

N ~ C B ~ C O O  water mixture, Na2C03 water mixture and water, Almost a l l  t h e  

increase i n  the  yearly net  u t i l i z e d  solar energy by using a  Na2s203- or 

NaCH3~00-water mixture storage wi th  high melting points instead o f  a  water 

storage i s  found i n  the  summer, while most o f  t he  increase i n  t h e  yearly ne t  

u t i l i z e d  sol.ar energy by using a  Na2c03 water mixture storage with a  low 

melting point instead o f  a  water storage i s  found i n  the  winter.  These f a c t s  

are important since a  r e la t i v e l y  large part o f  the  t o t a l  uti.lized solar 

energy from a  small solar heating system for  domestic hot water supply i s  t h e  

saved thermal l o s s  from the  o i l  f i red  bo i ler  i n  the  summer t ime,  where t h e  

o i l  burner can be turned o f f .  
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Figure 28. Net u t i l i z e d  s o l a r  energy from 6 m s o l a r  heat ing  systems f o r  

domestic ho t  water supply as  a function of s torage  type and 
volume. 



I n  f i g u r e  29  t h e  t o t a l  saved enerqy by us ing  t h e  s o l a r  h e a t i n q  system is  

shown f o r  t h e  same s o l a r  h e a t i n g  system a s  a  func t ion  of t h e  hea t  s t o r age  

type  and volume. The t o t a l  saved energy from t h e  s o l a r  h e a t i n g  system con- 

s is ts  of t h e  reduced energy consumption by t u r n i n g  o f f  t h e  o i l  b o i l e r  and t h e  

t o t a l  q ross  u t i l i z e d  s o l a r  energy from t h e  s o l a r  h e a t i n g  system. The t o t a l  

yea r ly  gross  u t i l i z e d  s o l a r  energy is  t h e  t o t a l  y e a r l y  n e t  u t i l i z e d  s o l a r  

enerqy d iv ided  by t h e  e f f i c i e n c y  of t h e  o i l  f i r e d  b o i l e r .  Re l a t i ve ly  l a r g e  

d i f f e r e n c e s  between t h e  reduced energy consumption by t u r n i n g  o f f  t h e  o i l  

b o i l e r  and with t h a t  t h e  t o t a l  yea r ly  saved energy from t h e  s o l a r  h e a t i n g  

system e x i s t s  f o r  t h e  d i f f e r e n t  s t o r age  types  and volumes. The number of 

days with t h e  o i l  burner  turned o f f  and with t h a t  t h e  reduced energy consump- 

t i o n  from t h e  o i l  f i r e d  b o i l e r  i nc reases  f o r  i nc reas ing  s t o r a g e  capac i ty .  

Therefore  t h e  saved enerqy inc reases  f o r  i nc reas inq  s to rage  volume and t h e  

s a l t  water  mixture s to rages  a r e  favourable  com,pared with t h e  h o t  water  s t o -  

rage .  The h e s t  s a l t  water mixture  i s  based on Na2S203 * 5H20 wi th  t h e  melt-  

i n g  p o i n t  of 48Oc j u s t  above t h e  requi red  h o t  water temperature .  The 

NaCH3CO0 water mixture with t h e  mel t ing  po in t  5 8 O ~  s i t u a t e d  13Oc above t h e  

r equ i r ed  h o t  water temperature  i s  no t  a s  favourable  a s  t h e  Na2S203 water mix- 

t u r e .  This  i s  mainly caused by t h e  f a c t  t h a t  t h e  s o l a r  c o l l e c t o r  e f f i c i e n c y  

decreases  f o r  i nc reas ing  temperature .  The Na2C03 water mixture  with t h e  

mel t ing  p o i n t  33Oc s i t u a t e d  1 2 O c  helow t h e  requi red  ho t  water temperature  i.s 

favourahele  i n  t h e  w in t e r ,  h u t  i n  t h e  important summer t ime t h e  temperature  

i n  t h e  s to rage  o f t e n ,  l i k e  f o r  t h e  water s t o r a g e ,  decreases  t o  tempera tures  

helow t h e  r equ i r ed  h o t  water temperature ,  which r e s u l t s  i n  decreased enerqy 

savings.  A mel t ing  p o i n t  above t h e  r equ i r ed  h o t  water  temperature  r e s u l t s  i n  

t h e  h e s t  y e a r l y  thermal  performance of t h e  s o l a r  hea t inq  system. The Na2S203 

water  mixture with a  mel t ing  p o i n t  of 4 8 O ~  i s  s u i t a b l e .  The r e s t  of t h e  ana- 

l y s i s  i s  t h e r e f o r e  concentrated on t h e  comparison of Na2S203 water mixture  

s t o r a q e s  and h o t  water  s t o r ages .  I n  t h i s  example t h e  i n c r e a s e  of t h e  t o t a l  

saved energy from t h e  s o l a r  h e a t i n q  system by us inq  a  Na2S203 water  s t o r a g e  

i n s t e a d  of a  ho t  water s t o r age  i s  about 15%. For s o l a r  h e a t i n q  systems wi th  

t h e  same y e a r l y  saved enerqy from each system, t h e  volume of a  h o t  water  s t o -  

raqe w i l l  he about  twice  a s  b i q  a s  f o r  a Na7S203 water mixture s to raqe .  
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Figure 29, T o t a l  y e a r l y  saved energy from a 6 m s o l a r  hea t ing  system f o r  

domestic h o t  water  supply a s  a  func t ion  of  s to rage  type  and 
volume, 



The t o t a l  yea r ly  saved energy from s o l a r  hea t ing  systems was c a l c u l a t e d  a s  

descr ibed  above. Some of t h e  r e s u l t s  a r e  shown i n  f i g u r e s  30, 31 and 32, 

The t o t a l  yea r ly  saved energy from s o l a r  hea t ing  systems and t h e  t o t a l  yea r ly  

saved energy pe r  m2 c o l l e c t o r  a r ea  from s o l a r  h e a t i n g  systems a r e  shown a s  

func t ions  of t h e  s o l a r  c o l l e c t o r  a r e a  and t h e  s t o r a g e  volume f o r  two s t o r a g e  

types :  a  t r a d i t i o n a l  ho t  water s to rage  and a  Na2s203 water s to rage  u n i t  a s  

descr ibed i n  t a b l e  2 and 34 f o r  d a i l y  h o t  water consumptions of 100, 200 and 

300 l i n  f i g u r e  30, 31 and 32 r e spec t ive ly .  The t o t a l  yea r ly  saved energy 

inc reases  f o r  i nc reas ing  c o l l e c t o r  a r ea  and normally f o r  i nc reas ing  s t o r a g e  

capac i ty ,  t h a t  i s  f o r  i nc reas ing  s to rage  volume and by us ing  the  s a l t  water 

s to rage  ins tedad  of t h e  h o t  water s torage .  Both t h e  q u a n t i t y  of t h e  change 

i n  t h e  t o t a b  yea r ly  saved energy and i n  t h e  t o t a l  y e a r l y  saved energy p e r  m2 

c o l l e c t o r  a r ea  by changes of t h e  c o l l e c t o r  a r ea  and t h e  s to rage  capac i ty  vary  

with t h e  d a i l y  ho t  water consumption, I t  is  t h e r e f o r e  important  t o  know t h e  

hot  water consumption i n  o rde r  t o  f i n d  t h e  optimum c o l l e c t o r  a r e a  and s to -  

rage ,  For a  ho t  water consumption of 100 l/day t h e  t o t a l  yea r ly  saved energy 

does not  i nc rease  much by inc rease  of t h e  c o l l e c t o r  a r e a  f o r  a r e a s  g r e a t e r  

than 4  m2, s ee  f i g u r e  30. The t o t a l  yea r ly  saved energy pe r  m2 a rea  there-  

f o r e  i nc reases  much f o r  decreas ing  c o l l e c t o r  a r ea ,  For t h e  6 m2 and 8 m2 

s o l a r  hea t ing  systems, t h e  h e a t  s to rage  type  and volume do no t  i n f luence  t h e  

performance much, t h a t  i s :  a s  long a s  t h e  c o l l e c t o r  a r e a  is  overs ized ,  t h e  

hea t  s to rage  i s  not  important .  For a  h o t  water consumption of 200 l /day,  t h e  

d i f f e r ences  i n  t h e  performance of s o l a r  hea t ing  systems with d i f f e r e n t  col-  

l e c t o r  a r eas  and s to rage  c a p a c i t i e s  a r e  r e l a t i v e l y  g r e a t ,  s ee  f i g u r e  31. The 

c o l l e c t o r  a r e a s  a r e  n e i t h e r  t o o  g r e a t  nor  t o o  small .  For a  ho t  water con- 

sumption of 300 l /day t h e  d i f f e r e n c e s  i n  t h e  performance of t h e  s o l a r  h e a t i n g  

systems with d i f f e r e n t  c o l l e c t o r  a r e a s  a r e  r e l a t i v e l y  g r e a t ,  s e e  f i g u r e  32, 

For c o l l e c t o r  a r eas  g r e a t e r  than  o r  equal  t o  6 m2 t h e  d i f f e r e n c e s  i n  t h e  per- 

formance vary with changes i n  t h e  s torage .  For 4 m2 t h e  s t o r a g e  does n o t  

in f luence  t h e  performance much, t h a t  i s  f o r  undersized c o l l e c t o r  a r e a s  t h e  

hea t  s torage  i s  not  important ,  Summarizing t h e  above mentioned observa t ions :  

The s to rage  does not  i n f luence  t h e  performance t o  a  g r e a t  e x t e n t  a s  long  a s  

t h e  c o l l e c t o r  a r ea  i s  undersized o r  overs ized ,  bu t  wi th  a  proper  c o l l e c t o r  

a r ea  the  s torage  has a  l a r g e  in f luence  on t h e  performance of t h e  system, 
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Figure 30. Total  year ly  saved energy from s o l a r  heat ing systems f o r  
domestic hot water supply f o r  a  hot  water consumption of 
LOO l /day a s  a  function of c o l l e c t o r  area ,  s torage  type and volume. 
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Figure 31. Tota l  year ly  saved energy from s o l a r  heat ing systems f o r  
domestic ho t  water supply f o r  a ho t  water consumption of 
200 l/day as a  function of c o l l e c t o r  a rea ,  s torage  type 
and  v o l n m ~  
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Figure 32. To ta l  y e a r l y  saved energy from s o l a r  hea t ing  systems f o r  
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300 l /day  a s  a  func t ion  of c o l l e c t o r  a r e a ,  s to rage  type  
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With a  h o t  water consumption of 200 l /day,  t h e  t o t a l  y e a r l y  energy p e r  m2 

c o l l e c t o r  a r e a  i s  shown a s  a  func t ion  of t h e  t h e  c o l l e c t o r  a r e a  and t h e  s t o -  

rage  t ype  both wi th  a  s t o r a g e  volume of 150 1 and 300 1 i n  f i g u r e  33. The 

performance of t h e  systems i n c r e a s e s  f o r  dec reas ing  c o l l e c t o r  a r e a  and 

i n c r e a s i n g  s to rage  capac i ty ,  t h a t  i s  f o r  i nc reas ing  s t o r a g e  volume o r  by 

us ing  t h e  Na2S203 water s t o r a g e  u n i t  i n s t e a d  of a  h o t  water  tank.  The 

inc rease  of t h e  performance is  about  15% by us ing  a  Na2S2O3 water  s t o r a g e  

u n i t  i n s t e a d  of a  h o t  water s t o r a g e  of t h e  same volume. The decrease  of t h e  

performance pe r  m2 per  i nc rease  of c o l l e c t o r  a r e a  is smal l  a s  l ong  a s  t h e  

c o l l e c t o r  a r e a  is  l e s s  t han  6m2, For c o l l e c t o r  a r e a s  above 6m2 t h e  decrease  

of t h e  performance p e r  m2 i n c r e a s e  of  c o l l e c t o r  a r e a  is g r e a t ,  

With a  6  m2 c o l l e c t o r  a r e a  t h e  t o t a l  y e a r l y  saved energy p e r  m2 c o l l e c t o r  

a r e a  is  shown a s  a  func t ion  of t h e  d a i l y  h o t  water consumption and t h e  s t o -  

rage t ype  f o r  s t o r a g e  volumes of 150 1 and 300 l i n  f i g u r e  34. The pe r fo r -  

mance inc reases  f o r  i n c r e a s i n g  s t o r a g e  capac i ty ,  t h a t  is  f o r  i n c r e a s i n g  s to -  

rage  volume o r  by us ing  t h e  Na2S203 water s t o r age  i n s t e a d  of a  h o t  water  

s t o r a g e ,  The in f luence  of t h e  d a i l y  h o t  water  consumption on t h e  performance 

is n o t  s imple,  because t h e  system f o r  smal l  consumptions of 100 l /day  is 

ove r s i zed ,  f o r  a  ho t  water consumption of 200 l /day t h e  system is well. dimen- 

s ioned , r e s u l t i n g  i n  g r e a t  energy sav ings  from t u r n i n g  o f f  t h e  o i l  b o i l e r  

dur ing  t h e  summer t ime,  and f o r  g r e a t  consumptions t h e  system is  unders ized ,  

r e s u l t i n g  i n  small  energy sav ings  from t u r n i n g  o f f  t h e  o i l  b o i l e r  du r ing  t h e  

summer, 

For a  c a r e f u l  op t imiza t ion  of t h e  system, both t h e  performance and t h e  c o s t s  

of t h e  system must be taken  i n t o  cons ide ra t i on ,  Examples of such opt imiza-  

t i o n  w i l l  be given i n  s e c t i o n  5,4, 
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Figure 33. Tota l  year ly  saved energy from s o l a r  heat ing  systems, 
with s torage  volumes of 150 1 and 300 l, f o r  domestic 
hot  water supply f o r  a  hot  water consumption of 200 l /day 
a s  a  function of s o l a r  c o l l e c t o r  a rea  and the  s torage  type, 
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Figure 34. Total  year ly  saved energy from 6 m2 s o l a r  heat ing  systems 
with s torage  volumes of 150 l and 300 1 f o r  domestic hot  
water supply a s  a  function of the  d a i l y  h o t  water con- 
sumption and the  s torage  type. 



5.3 Comparison of calculations with the mathematical model and measurements 

from the dynamic experiments 

As described in section 4,7 the investigated heat storage unit can be 

improved, first of all by a change of the placing of the heat exchanger spi- 

ral. Further the placing of the heat exchanger spiral is difficult to incor- 

porate in a computer model, which takes temperature differences inside the 

heat storage into consideration. This is especially the case when the ther- 

mal contact between the hot water tank and the heat exchanger spiral is poor, 

which is the case in the investigated heat. storage unit. Therefore such 

detailed computer calcul-ations were not carried out with the unfavourably 

investigated heat storage unit, Instead the computer model with no tempera- 

ture differences inside the storage described i.n section 5,1 was compared 

with measurements from the dynamic experiments. The computer model was 

changed in such a way that the heat storage unit described in section 2.1 was 

included in the calculation. Using the same conditions, that is weather par- 

ameters, solar collector efficiency, control system, volume of water tapped 

from the storage and temperature of the cold water entering the storage, as 

in the dynamic experiments calculations of the performance of the heat sto- 

rage were carried out. For simplicity, only the results with the advanta- 

geous Na2S203 water mixture as heat storage material will be given. The heat 

transfer capacity from the solar collector fluid to the heat storage used in 

these calculations is a function of the heat storage temperature Ts: 100 + T~ 
W/oCB This quantity was measured with a great uncertainty and was therefore 

not given in section 4.2, The results of these calculations for the first 3 

days of the test period, as well as the measurements with the Na2s203 water 

storage unit from table 18, are given in table 35. The calculated heat sto- 

rage temperature during the experiment has not as great fluctuations as the 

measured temperatures given in figure 16. The calculated temperature is for 

the whole period close to the measured mean salt water mixture temperatures 



Energy supply from 
the  solar heating 
system t o  the heat 
storage, Wh 

Energy tapped o f f  
the  heat storage, 
m 

Thermal l o s s  

Table 35, Measured and calculated da i ly  energy quant i t i e s  f o r  the  heat sto- 

rage un i t  with t he  Na2S203 water mixture during the  dynamic experi- 

ment . 

For t he  t o t a l  period tne  measured energy supply t o  the  storage and energy 

tapped o f f  t he  heat storage are a  l i t t l e  greater than the  calculated quanti- 

t i e s ,  Relatively large d i f f e r ences  between t he  calculated and measured 

energy quant i t i e s  e x i s t  for  each o f  the  3 days, These d i f f e r ences  are caused 

by t h e  temperaturee s t r a t i f i c a t i o n  i n  t he  heat storage u n i t .  The f i r s t  and 

the  th i rd  day, t h e  measured energy supply t o  t he  storage i s  greater than t h e  

calculated quant i ty ,  mainly because the  low temperature o f  t he  hot water tank 

i s  u t i l i z e d  t o  a cer tain  extent  as described i n  section 4.7. 

The measured energy tapped o f f  t he  hear storage the  second day i s  greater 

than t he  calculated quant i t y ,  mainly because t he  water i n  t he  hot  water tank 

i n  t h i s  period i s  heated t o  temperatures higher than mean s a l t  water mixture 

temperature, O n  t he  th i rd  day t h e  measured energy tapped o f f  t he  heat sto- 

rage i s  l e s s  than t he  calculated quanti ty .  The explanation i s  t h a t  i n  per- 

iods without sunshine which follows a f t e r  sunny periods the  temperature o f  

the  water i n  t he  hot water tank i s  l e s s  than t h e  temperature o f  t h e  s a l t  

water mixture, The measured and calculated thermal l o s s  are c lose  t o  each 

other during the  whole period. 



The d i f f e r e n c e s  between t h e  da i l y  measured and calculated energy quan t i t i e s  

vary with t h e  weather condit ions.  On t h e  bas i s  o f  these  calculat ions  it i s  

not possible t o  est imate t h e  yearly d i f f e r e n c e  between t h e  calculated and a  

possible measured performance o f   he heat storage. However, it i s  shown t h a t  

thermal s t r a t i f i c a t i o n  i n  t h e  storage can r e s u l t  i n  a r e l a t i v e l y  great 

increase i n  t h e  energy production, even wi th  t h e  unfavourable, invest igated 

heat storage u n i t ,  In other periods t h e  thermal s t r a t i f i c a t i o n  can also  

r e s u l t  i n  decreased thermal performance o f  t h e  heat s torage,  Therefore it i s  

important t o  design t h e  beat storage u n i t  i n  such a  way thar t h e  use o f  ther-  

mal s t r a t i f i c a t i o n  i n  t h e  storage i s  optimized c a r e f u l l y ,  both by means o f  

experiments and theoret ical  calculat ions .  The calculat ions  carried out  i n  

sect ion 5 , 2 ,  i n  connection wi th  economic considerations,  gives an e s t i m a t e  

o f  t h e  advantages obtained by using a  heat o f  fus ion storage u n i t  instead o f  

a  hot water tank.  These considerations are given i n  sec t ion 5,4, 

5.4 Economic considerations concerning heat o f  fus ion storages and hot water 

storages 

The advantage by using a  heat o f  fus ion storage instead o f  a  hot water tank 

depends on t h e  quant i ty  o f  t h e  yearly u t i l i z e d  solar energy and the  c o s t s  o f  

investment. Economic considerations for  t h e  solar heating systems, which 

were included i n  t h e  calculat ion i n  sec t ion 5 . 2 ,  w i l l  be given here ,  The 

cos t s  used are given i n  tab1.e 3 6 ,  The prices are t yp ica l  for  Danish solar 

heating systems i n  January 1982 .  The cos t s  o f  t h e  storages are obtained from 

a Danish container producer. 



Sola r  c o l l e c t o r ,  
de l ive red  and 

i n c l u s i v e  pump, 
va lves  and o t h e r  
componentsB 
de l ive red  and 
i n s t a l l e d  

Control  e  

f l u i d ,  ho t  water 
i n s t a l l a t i o n s ,  
i n s u l a t i o n  of 
ho t  water kns ta l -  
l a t i o n s  and 
s o l a r  c o l l e c t o r  
f l u i d  c i r c u i t ,  
e t c ,  , de l ive red  

tank ,  de l ive red  
and i n s t a l l e d  1600 Dkr + 21 Dkr/l t o t a l  volume of s t o r a g e  

Na2S203 water 
mixture 
de l ive red  and 
i n s t a l l e d  2,50 Dkr/l s a l t  water mixture 

house volume 0 Dkr/rn2 basement s to rage  

Table 36, Costs used i n  t h e  c a l c u l a t i o n s .  

F igures  35, 36 and 37 show t h e  t o t a l  yea r ly  u t i l i z e d  s o l a r  energy p e r  c o s t  of 

investment f o r  s o l a r  h e a t i n g  systems a s  func t ions  of s t o r a g e  type ,  s t a r a g e  

volume and c o l l e c t o r  a r e a  f o r  d a i l y  h o t  water consumptions of 100 L ,  200 1 

and 300 1 r e spec t ive ly .  The maximum of each curve g ives ,  wi th  t h e  used 
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Figure 35, Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of  investment  f o r  
s o l a r  hea t ing  systems a s  a func t ion  o f  s to r age  type ,  
s t o r age  volume and s o l a r  c o l l e c t o r  a r e a ,  The d a i l y  h o t  
water  consuc?~ t ion  i s  100 1. 



0 l00 200 300 400 500 
---p 7- 

kPSn 
year  Dkr 

h o t  water  s t o r age :  

0 100 200 300 400 500 
s to rage  volume, 1 

Figure 36, Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment  f o r  
s o l a r  hea t ing  systems a s  a func t ion  o f  s to r age  type ,  
s t o r age  vol-ume and s o l a r  co11ector  a r e a ,  The d a i l y  h o t  
water consumption i s  200 l, 
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Figure  37. Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of  investment  
f o r  s o l a r  h e a t i n g  systems a s  a func t ion  o f  s t o r a g e ,  
type ,  s t o r a g e  volume and s o l a r  c o l l e c t o r  a r ea .  The 
d a i l y  h o t  water consumption i s  300 1. 



assumptions,  t h e  h e s t  volume of t h e  s toraqe .  The h e s t  volume of t h e  s t o r a g e  

i s  a  l i t t l e  sma l l e r  f o r  s o l a r  hea t ing  systems with hea t  of fu s ion  s t o r a q e s  

tnan f o r  s o l a r  h e a t i n g  systems with h o t  water t anks .  The d i f f e r e n c e  between 

t h e  yea r ly  u t i l i z e d  s o l a r  enerqy per  c o s t  of investment f o r  s o l a r  h e a t i n g  

systems with d i f f e r e n t  s t o r aqe  types  depends on t h e  s o l a r  c o l l e c t o r  a r e a ,  t h e  

s to raqe  volume and t h e  d a i l y  ho t  water consumption. For overs ized  and under- 

s i zed  systems, t h e  h o t  water s t o r aqe  i s  more favourable  than  t h e  hea t  of 

fu s ion  s t o r a a e .  For wel l  s i z e d  systems t h e  Na2S203 water s t o r a g e  i s  more 

favourable  than t h e  ho t  water s t o r aqe .  For a  h o t  water consumption of 100 

l /day ,  4 m2 q ives  t h e  b e s t  r e s u l t ,  f o r  2 0 0  l /day ,  5 o r  8 m2 g ives  t h e  b e s t  

r e s u l t ,  and f o r  300 l /day ,  8 rn2 g ives  t h e  h e s t  r e s u l t .  

F iqures  38 and 39 show, a s  func t ions  of t h e  c o l l e c t o r  a r ea  and t h e  d a i l y  h o t  

water consumntion, t h e  yea r ly  u t i l i z e d  s o l a r  energy oe r  c o s t  of investment 

f o r  s o l a r  hea t ing  systems with no t  water s t o r a q e s  r e s p e c t i v e l y  Wa2S2O3 water 

s t o r aqes  with t h e  b e s t  volume, from an economic p o i n t  of view, found from 

f i g u r e s  35, 36 and 37. Tne economically b e s t  s o l a r  c o l l e c t o r  a r ea  i n c r e a s e s  

f o r  i nc reas ing  h o t  water consumption. The f a t  s t roked  curves show t h e  y e a r l y  

u t i l i z e d  s o l a r  energy per  c o s t  of investment f o r  s o l a r  h e a t i n g  systems wi th  

t h e  economically b e s t  s o l a r  c o l l e c t o r  a r e a s  and s to rage  volumes a s  func t ions  

of t h e  ho t  water  consumption. These q u a n t i t i e s  a r e  a l s o  shown i n  f i g u r e  40 

f o r  both s to rage  t ypes ,  The q u a n t i t i e s  i nc reases  f o r  i nc reas ing  h o t  water  

consumption, ?'he yea r ly  u t i l i z e d  s o l a r  energy pe r  c o s t  of investment i s  

about 7% and 1 0 %  o r e a t e r  f o r  systems with Na2S203 water s t o r a g e s  than  f o r  

systems with h o t  water  s t o r ages  f o r  d a i l y  h o t  water  consumption of 100 1 and 

300 1 r e s p e c t i v e l y .  Addi t iona l ly ,  a  decrease of s t o r aqe  volume of about  

15-20% i s  obta ined  by us inq  a  Na2S203 water s t o r a g e  i n s t e a d  of a  h o t  water 

s t o r aqe .  

The advantages described above do of course depend on t h e  assumptions used 

f o r  t h e  c a l c u l a t i o n s ,  With o t h e r  assumptions t h e  r e s u l t s  would be d i f f e r e n t ,  

F i r s t  of a l l ,  no temperature  s t r a t i f i c a t i o n  i n s i d e  t h e  s to rages  was assumed. 

Ca lcu l a t i ons  wi th  d e t a i l e d  com.puter models wi th  temperature  s t r a t i f i c a t i o n  

i n s i d e  t h e  s t o r a g e s  w i l l  i n c r ea se  t h e  performance of t h e  systems. For sys-  

tems with h o t  water  s t o r a g e s ,  t h e  i nc rease  w i l l  be about  15%. For systems 
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Figure 38, Yearly utilized solar energy per cost of investment for solar 
heating systems with hot water storages of an economically 
best volume as a function of solar collector area and the 
daily hot water consumption. Furthermore, the quantity for 
economically best solar heating systems is given. 
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F igure  39. Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of investment  fo r  
s o l a r  hea t ing  systems w i t h  Na S 0 water  mixture  s t o r a g e s  

2 2 3  
of an economically b e s t  volume a s  a func t ion  of s o l a r  
c o l l e c t o r  a r e a  and t h e  d a i l y  h o t  water  consum~t ion .  
Furthermore, t h e  q u a n t i t y  f o r  economically b e s t  s o l a r  
hea t ing  systems is  given.  
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Figure 40. Yearly u t i l i z e d  s o l a r  energy p e r  c o s t  of  investment  
f o r  t h e  economically b e s t  s o l a r  h e a t i n g  systems a s  
a func t ion  o f  t h e  d a i l y  h o t  water  consumption and 
t h e  s to rage  type.  



with  h e a t  of fu s ion  s t o r a g e s ,  t h e  i nc rease  w i l l  probably be even g r e a t e r  due 

t o  t h e  advantageous u t i l i z a t i o n  of t h e  poor thermal  conduc t iv i t y  of t h e  s a l t  

hydra te  c r y s t a l s  a s  descr ibed  i n  s e c t i o n  4.7. That is: t h e  performance of 

t h e  s o l a r  h e a t i n g  systems w i l l  he q r e a t e r  than mentioned i n  t n i s  s e c t i o n .  

Furthermore, t h e  advantages by us inq  a Na2S203 water s t o r a g e  i n s t e a d  of a h o t  

water tank w i l l  probably be q r e a t e r  than mentioned i n  t h i s  s ec t i on .  



6 .  CONCLUSION 

By us ing the  experiences gained i n  t h i s  p r o j e c t ,  it i s  poss ib le  t o  cons t ruct  

a  r e l a t i v e l y  inexpensive, s t a b l e  hea t  of fus ion s torage  u n i t  f o r  domestic hot  

water supply with advantageous thermal q u a n t i t i e s .  

The. advantages by using a s torage  l i k e  t h i s ,  f o r  ins tance  with a  nJa2S2o3 

water mixture a s  s torage  mate r i a l ,  i n s t ead  of a  t r a d i t i o n a l  hot  water tank i n  

a  s o l a r  heat ing  system a re :  a  decrease of t h e  s torage  volume, an increase  of 

the  heat  production, of the  durat ion of t h e  period during which t h e  o i l  bur- 

ner can be turned off  during the  summer and of t h e  year ly  u t i l i z e d  s o l a r  

energy per cos t  of investment. 
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