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EXECUTIVE SUMMARY 

Abstract 

This report summarizes the results of an analytical performance and 
economic evaluation of three advanced wind furnace heating systems. The 
work represents an extension of previous work on wind powered heating 
systems and extends th i s  wind energy application t o  the supply of elec- 
t r i c i t y  as well as space and hot water energy loads for  rural residences 
and farms. Details of the proposed systems and the analytical modeling 
of the overall system and subcomponents are presented as well as typical 
system energy and economic performance. 



iii 

I n t r o d u c t i o n  

Recent d e t a i  1  ed Wind Miss ion  Ana lys is  s tud ies  (1,2)* have po in ted 
o u t  t h e  h igh  p o t e n t i a l  o f  r e s i d e n t i a l  and a g r i c u l t u r e  a p p l i c a t i o n s  f o r  
wind energy systems i n  t h e  Un i ted  States.  S p e c i f i c a l l y ,  these s tud ies  
es t imate  the  p o t e n t i a l  s i z e  of t h e  markets i n  these areas va ry ing  from 
about 9 t o  10 m i l l i o n  u n i t s .  For  t h e  past  several  years  t h e  Energy A l t e r -  
na t i ves  Program a t  t h e  U n i v e r s i t y  o f  Massachusetts, Amherst has been 
i n v e s t i g a t i n g  t h e  use o f  wind powered hea t ing  systems (wind furances)  
f o r  r u r a l  app l i ca t i ons .  I n  a d d i t i o n  t o  t h e  development o f  general d i g i t a l  
computer based s i m u l a t i o n  models and a n a l y t i c a l  s tud ies  on wind-powered 
heat ing  systems ( 3 , 4 ) ,  t h i s  work has produced an opera t iona l  25 kW Wind 
Turbine Generator (5)  and an experimental wind t u r b i n e  and r e s i d e n t i a l  
heat ing  t e s t  f a c i l i t y  (So la r  H a b i t a t  I ) .  

Wind energy, a long w i t h  o t h e r  forms o f  s o l a r  energy, due t o  i t s  
v a r i a b l e  i n t e n s i t y  must be s to red  t o  i n s u r e  d i s t r i b u t i o n  t o  r e s i d e n t i a l  
and farm energy loads as i t  i s  required.  Un fo r tuna te l y ,  t h e  e l e c t r i c a l ,  
domestic h o t  water  and space hea t ing  loads o f  a  t y p i c a l  r u r a l  residence 
o r  farm a r e  a l s o  va r iab le .  Thus, any w e l l  designed wind energy storage 
and d i s t r i b u t i o n  system must cons ider  t h e  v a r i a b i l i t y  o f  t h e  energy i n p u t s  
and outputs  f o r  t h e  most e f f i c i e n t  design. Also, t he  most e f f i c i e n t  
energy use i s  poss ib le  when h i g h  grade energy, such as e l e c t r i c i t y ,  i s  
used f o r  a  h i g h  grade a p p l i c a t i o n ,  such as t h e  e l e c t r i c a l  load, and s i m i l a r l y ,  
when low grade energy, such as waste heat, i s  used f o r  a  low grade app l ica-  
t i o n ,  such as space heating. The o r i g i n a l  wind furnace system was designed 
t o  supply t h e  m a j o r i t y  of space and domestic water  hea t ing  requirements 
t o  a  s i n g l e  r u r a l  dwel l ing .  From r e s u l t s  o f  t h e  a n a l y t i c a l  model ing 
of t h i s  system, t h e r e  has almost always been an ove r f l ow  o f  e l e c t r i c i t y  
which cou ld  n o t  be used, p a r t i c u l a r l y  d u r i n g  t h e  s i x  warmer months. 

. The work t o  be presented i n  t h i s  r e p o r t  represents an extension 
o f  t h e  previous work and summarizes an a n a l y t i c a l  performance and economic 
eva lua t ion  o f  t h r e e  advanced wind furnace systems t h a t  a re  designed t o  
supply e l e c t r i c i t y  as w e l l  as space and h o t  water  heat ing  f o r  r u r a l  r e s i -  
dences and farms. As w i l l  be descr ibed next ,  these designs i n c l u d e  an 
Improved Wind Furnace System (IWFS) and t h e  Wind Dr iven To ta l  Energy 
System (WDTES) , Types I and I I. 

System Conf i  g u r a t i  on and D e s c r i p t i o n  

The Improved Wind Furnace, shown schematical l y  i n  F i  gure 1  , i n c l  udes 
t h e  f o l l l o w i n g  subsystems: 

1. A  wind t u r b i n e  generator  ( h o r i z o n t a l  a x i s  , p i t c h  c o n t r o l  1  ed) 
2. A  sens ib le  heat  thermal energy storage tank  (water as energy 

* 
Numbers i n  parentheses designate References a t  t h e  end of t h e  Execut ive 
Summary. 



storage medi urn) 
3. An e l e c t r i c  power cond i t i one r  and u t i l i t y  i n t e r f a c e r  
4. Swi tch ing l o g i c  and c o n t r o l s  (no t  inc luded i n  the  F igure)  

I UTILITY AC POWER 

s p r t  HEATINQ SENSIBLE THERMAL 
ENERGY STORAGE 

t 
OOYESTIC HOT WATER 

. - - -- -- - -  - Lorn 
- .  - - -  - --- - - _ _  --II_ 

Fig.  1 - Schematic o f  the improved wind 
furnace system ( IWFS) 

The Wind Dr iven To ta l  Energy Systems were designed t o  incorpora te  
a  means f o r  supply o f  e l e c t r i c a l  energy, o ther  than conventional storage 
ba t t e r i es ,  a t  t imes when t he  wind t u r b i n e  was n o t  producing f u l l  power 
requirements. A systenls schanati  c  o f  the  most general con f i gu ra t i on  
WDTES, 11, i s  shown i n  F igure  2. I n  a d d i t i o n  t o  the  IWFS components 
j u s t  described, t h i  s  system i nc l  udes: 

1. A high temperature thennal energy storage component 
2. A Rankine cyc le  and separate a l t e r n a t o r  power system 

The Type I WDES system i s  s i m i l a r ,  however, a l l  t h e  e l e c t r i c a l  energy 
output  o f  the  system i s  suppl ied from a Rankine cycle,  e l i m i n a t i n g  t he  
need f o r  power cond i t i on ing  t he  e l e c t r i c a l  ou tpu t  o f  the  wind t u rb i ne  
generator. 

The hour l y  hea t ing  and e l e c t r i c a l  loads f o r  these systems were determined 
f o r  t h e  f o l l o w i n g  th ree  bas ic  app l i ca t ions :  

1. A we1 1 i nsu la ted  residence (space heat ing load o f  approximately 
17,000 kW h/yr )  

2. An average i nsu la ted  residence (space heat ing load  o f  approximately 
35,000 kWh/yr) 



3. An "average" farm - us ing the  average i nsu la ted  house heat ing 
requi  rements. 

A s m a r y  o f  the  annual heat ing and e l e c t r i c a l  loads f o r  these app l i ca t ions  
i s  given i n  Table 1. The hour ly  space heat ing load  f o r  the  residences 
were eval uated us ing techniques p rev ious ly  developed f o r  wind furnace 
heat ing systerns (3 ) .  The domestic hot  water load fo l lowed an assumed 
hour ly  load pa t t e rn  t h a t  was based on work by Mutch (6 ) .  Depending on 
t he  app l i ca t ion ,  two d i f f e ren t  models of t he  hour ly  e l e c t r i c a l  load were 
assumed. For the r e s i d e n t i a l  needs, a model adopted from the synthesized 
hour ly  e l e c t r i c a l  load of Wolf (7)  was used. The average farm e l e c t r i c a l  
load was modeled by superimposing an hour ly  e l e c t r i c a l  machinery load  
(about 30 kwh d a i l y )  on the average r e s i d e n t i a l  load t o  a r r i v e  a t  a t o t a l  
y e a r l y  e l e c t r i c a l  load of 16,736 kwh. 

A.C POWER 

RIWUlML CYCLE 
POllER SISTEM 

ALTERNATOR 

Fig.  2 - Schematic o f  the wind d r i ven  
t o t a l  energy system, type I1 



TY pe We1 1 Insu la ted  Average Insu la ted  Average Farm 
Residence Residence 

Space Heat i  ng 

Water Heat i  ng 3,565 3,565 3,565 

E l e c t r i c a l  5,785 5,785 16,736 

Tota l  Annual 
Energy Load 26,516 

Table 1 - Summary of Energy Loads (kWh/yr) 

A n a l y t i c a l  Model and Component Descri  p t i  ons 

The ana lys i s  o f  t h e  t h r e e  wind energy systems was based on a d i g i t a l  
computer s imu la t ion  o f  t h e  var ious system energy f l ows  on an hour by 
hour basis.  The computer model, an extension o f  a p rev ious ly  developed 
model, was general enough t o  s imula te  both  o f  the  WDTES models and t h e  
IWFS model. As descr ibed i n  t h e  main repor t ,  i t  cons is ted o f  a main 
program which, through i t s  i n t e r a c t i v e  format, a l lows t h e  i n p u t  o f  des i red 
system, s t a r t - u p  cond i t ions ,  component s izes ,  and ou tpu t  format. The 
main program a l s o  contained t h e  operat ions sw i t ch ing  l o g i c  and t h e  energy 
d i s t r i b u t i o n  l o g i c  f o r  t h e  va r ious  loads. Subprograms inc luded t h e  fo l l ow ing :  

1. Data i n p u t  ( s o l a r  i n s o l a t i o n ,  wind v e l o c i t y ,  ambient temperature, 
etc.  ) 

2. Wind t u r b i n e  generator  model 
3. High temperature thermal storage model 
4. Low temperature thermal storage and r e s i d e n t i  a1 heat ing  model 
5. Power c o n d i t i o n e r  and a l t e r n a t o r  systems 
6. Ranki ne cyc le  model 
7. E l e c t r i c a l  1 oad requirements 
8. Space hea t ing  requ i  rements 
9. Hot water heat ing  requirements. 

The bas is  o f  t h e  assumed energy load  requirements was discussed i n  the  
previous sec t ion  and, as formulated, these subprograms gave t h e  hour l y  
energy needs o f  t h e  var ious loads. For the  wind t u r b i n e  generator,  t h e  
s imu la t ion  subrout ine t h a t  was designed t o  p r e d i c t  t h e  performance o f  
t h e  25 kW machine w i t h  th ree  32.5 f t  diameter blades c u r r e n t l y  i n  opera t ion  
a t  t h e  U n i v e r s i t y  o f  Masschusetts ( 5 )  was used. Th is  subrout ine  conta ins  
a number of a n a l y t i c a l  performance curves f o r  machines with diameters 
ranging from 20 t o  40 ft, and i s  ab le  t o  s imula te  the  performance o f  
t h e  wind t u r b i n e  generator  opera t ing  from c u t - i n  t o  cu t -ou t  speeds. 

The low temperature storage and r e s i d e n t i a l  hea t ing  subsystem models 
are based on p rev ious ly  developed models (3). A design us ing a we1 1 
i n s u l a t e d  water storage tank and a water baseboard hea t ing  loop was assumed. 



The generator  was assumed t o  be s i m i l a r  t o  one used i n  t h e  UMass 
wind furnace (5), producing AC vo l tage  o f  va ry ing  vo l tage  and frequency, 
dpending on t h e  wind speed. A  power c o n d i t i o n e r  IWFS and WDTES, I I), 
conver t i ng  the  r e c t i f i e d  DC e l e c t r i c a l  power ou tpu t  t o  usefu l  s i n g l e  
phase, 60 Hz, 120/240 AC e l e c t r i c i t y  was assumed t o  be one o f  two types 
p resen t l y  a v a i l a b l e  f o r  wind t u r b i n e  e l e c t r i c a l  power systems. 

The h igh  temperature thermal storage subsystem i s  a  key element 
i n  both  o f  the  WDTES designs. An optimum s ized component i s  impor tant  
t o  the  system performance s ince one t h a t  i s  too  l a r g e  w i l l  ma in ta in  a  
lower temperature, thus decreasing t h e  Rankine c y c l e  e f f i c i e n c y ,  w h i l e  
one t h a t  i s  too  small cou ld  e x h i b i t  temperature f l u c t u a t i o n s  t h a t  would 
adversely a f f e c t  Rankine c y c l e  performance. 

High temperature thermal storage subsystems have r e c e n t l y  been designed 
f o r  a p p l i c a t i o n s  i n  both  small and l a r g e  sca le  s o l a r  e l e c t r i c a l  power 
systems (8,9,10). The model ing o f  such subsystems must i n c l u d e  th ree  
bas ic  pa r t s :  (1) t h e  storage medium, (2) t h e  containment system and 
i n s u l a t i o n ,  (3 )  t h e  energy t r a n s f e r  equipment. The h igh  temperature 
thermal storage system used f o r  the  WDTES model i s  s i m i l a r  t o  the  heat 
storage u n i t  developed by Comstock and Wescott (11). Th is  subsystem (whose 
s i z e  was v a r i a b l e )  i s  modeled as a  c y l i n d r i c a l  storage tank con ta in ing  
a  sodium hydroxide (NaOH) storage medi um w i  t h  res i s tance  heaters f o r  
t h e  e l e c t r i c a l  i n p u t  from t h e  wind t u r b i n e  generator.  A ho t  water c o i  1  
i s  p laced i n s i d e  t h e  tank as w e l l  as a  heat exchanger c o i l  f o r  t h e  h i g h  
temperature s i d e  o f  the  Rankine cyc le .  

Sodium hydroxide was chosen as t h e  h igh  temperature storage medium 
because i t  has been used t o  s t o r e  energy up t o  a  r e l a t i v e l y  h i g h  temperature 
(about 900°F) and because o f  i t s  two l a r g e  l a t e n t  heat phase changes 
(so l  i d  t o  s o l i d  a t  560°F which 1  ibe ra tes  67 B t u / l  b  a t  a  s o l i d  t o  l i q u i d  
phase change a t  600°F which l i b e r a t e s  70 B tu / lb ) .  I f  a  s u i t a b l e  work ing 
f l u i d  i s  selected, a  h igh  Rankine c y c l e  e f f i c i e n c y  i s  poss ib le  due t o  
t h e  p o t e n t i a l l y  l a r g e  d i f f e rence  between t h e  h o t  and c o l d  thermal sources. 

As modeled, t h e  Rankine cyc le  heat exchanger has i t s  i n l e t  a t  the  
bottom o f  the  tank, and temperature s t r a t i f i c a t i o n  e f fec ts  should be 
considered i n  i t s  ana lys is .  That i s ,  a t  t h e  i n l e t  and through t h e  f i r s t  
sec t ion  o f  the  heat exchanger, t h e  work ing f l u i d  i s  preheated by t h e  
p o r t i o n  o f  t h e  tank which i s  a t  t h e  lowest  temperature. As t h e  work ing 
f l u i d  t r a v e l s  up the- heat exchanger, a  c o n t i n u a l l y  decreasing amount 
o f  heat i s  t rans fe r red  t o  i t  per  u n i t  l eng th  due t o  the  decreasing ternpera- 
t u r e  d i f f e r e n c e  between the  NaOH and the  work ing f l u i d .  A1 so, as the 
tank discharges, a  phase f r o n t  forms which moves v e r t i c a l l y  up t h e  tank. 
Th is  has t h e  e f f e c t  o f  i n s u r i n g  t h a t  t h e  t o p  sec t ion  o f  t h e  tank w i l l  
remain a t  a  h igh  tem~perature fo r  long per iods o f  t ime, and i n  tu rn ,  w i l l  
i n s u r e  t h a t  t h e  work ing f l u i d  o u t l e t  temperature and the  Rankine Cycle 
e f f i c i e n c y  a re  high. To s imula te  t h i s  t r a n s i e n t  phenomena, a  computer 
s imu la t ion  based on a  s t r i p  method was used t o  s imula te  d i f f e r e n t i a l  
volumes o f  s torage m a t e r i a l  t h a t  t r a n s f e r r e d  energy t o  the  work ing f l u i d  
through a  heat exchanger surface of f i n i t e  area. Resu l ts  o f  t h i s  ana lys is ,  



showing f l u i d  o u t l e t  temperatures f o r  t y p i c a l  discharge cond i t i ons  from 
a 250 ga l  tank, a re  given i n  Fig. 3. 

TIYE (HOURS) - - 

Fig. 3 - Working f l u i d  o u t l e t  temperature from 
HTS system 

Although the e f f e c t s  o f  s t r a t i f i c a t i o n  a re  q u i t e *  important, they 
were n o t  considered i n  t h i s  i n i t i a l  i n v e s t i g a t i o n  o f  these systems due 
t o  the  p r o h i b i t i v e l y  l a r g e  amounts o f  computer t ime f o r  such a s imula t ion,  
and t he  f a c t  t h a t  a more d e t a i l e d  ana lys is  o f  t he  Rankine Cycle subsystem 
would have been required. I n s t e a d y e a  well-mixed model, which represents 
a conservat ive case was used. Fig. 3 shows t he  comparison between the 
two models. Also, f o r  purposes o f  ana lys is ,  the  ho t  s i de  heat exchanger 
f o r  the  Rankine Cycle i s  asslaned t o  have a 50°F temperature d i f f e r e n c e  
across it. The domestic h o t  water c o i l  i s  assumed t o  be a con t ro l  1 ed 
heat exchanger which a l lows the  water t o  r i s e  t o  the  ho t  water d e l i v e r y  
temperaure of 140°F if the storage ma te r i a l  i s  a t  140°F o r  greater,  and 
t o  the storage temperature i f  i t  i s  l e s s  than 140°F. 

The Rankine Cycle subsystem i s  designed t o  supply e l e c t r i c a l  power 
output  from the h igh  temperature thermal energy source and r e j e c t  i t s  
waste heat t o  the low temperature thermal energy storage subsystem ( f o r  
space heat ing use). It was assumed t h a t  e i t h e r  a f o u r  o r  s i x  kW output  
Rankine Cycle Power system was used f o r  the  r e s i d e n t i a l  o r  farm app l i ca t ion ,  
respec t i ve ly .  I n  recent  t imes s i m i l a r  power systems have been b u i l t  
o r  proposed (1 2,13,14) and i t  i s  expected t h a t  such systems w i  11 become 
commercial l y  avai  l a b l e  i n  the  future.  The proposed Rankine cyc le  subsystem 
cons is ts  o f  a preheater, a b o i l e r  ( o r  bo i  le r /superheater  combination), 
a turb ine,  a regenerator, a condenser t h a t  r e j e c t s  heat t o  the  low temperature 
thermal storage, and a feed pump. 

Toluene (CH3C6H5) which i s  a "dry ing"  f l u i d  having maximum and minimum 

use temperatures of 750°F and -135OF respec t i ve l y  was chosen a f t e r  a 



v i x  

rev iew o f  work by M i l l e r  (15) on t h e  subject .  The use o f  t h i s  f l u i d ,  
r e a d i l y  a v a i l a b l e  and having i t s  c h a r a c t e r i s t i c s  w e l l  documented, provides 
f o r  a h igh  Rankine Cycle e f f i c i e n c y ,  i f  a regenerator  i s  used i n  t h e  
cyc le .  I t s  c h a r a c t e r i s t i c s  as a "dry ing"  f l u i d  a l s o  make t h e  design 
o f  a h igh e f f i c i e n c y  t u r b i n e  possib le.  I n  the  WDTES scheme, t h e  temperature 
o f  both  t h e  h igh and t h e  low temperature may vary  w i d e l y  w i t h  t ime, there fore ,  
t h e  thermodynamic s t a t e  o f  t h e  work ing f l u i d  i n  a l l  t he  components o f  
t h e  Rankine Cycle i s  a l s o  a v a r i a b l e  i n  time. For t h i s  reason, an i n -  
depth i n v e s t i g a t i o n  o f  t h e  o f f -des ign performance o f  s p e c i f i c  Rankine 
Cycle components i s  impor tant  f o r  t h e  d e t a i l e d  ana lys i s  o f  t h e  Rankine 
Cycle subsystem. Since t h e  main t h r u s t  o f  t h i s  work was the  p re l im ina ry  
i n v e s t i g a t i o n  o f  t h e  general f e a s i  b i l  i ty o f  t h e  t h r e e  wind energy systems, 
such an ana lys i s  was n o t  c a r r i e d  out .  Thus, a s h o r t e r  and more r e a d i l y  
a v a i l a b l e  method o f  Rankine Cycle ana lys i s  was formulated based on t h e  
use o f  a program developed by Abbi n and Leuenberger (16). Th is  program 
was used t o  so lve  f o r  c y c l e  thermal e f f i c i e n c y  f o r  var ious steady s t a t e  
h igher  and lower c y c l e  opera t ing  temperatures. 

Since t h e  temperature d i f f e r e n c e  between t h e  work ing f l u i d  i n  t h e  
two heat exchangers and the  storage m a t e r i a l  i n  t h e i r  respec t i ve  thermal 
energy storage tanks was n o t  known, an assumption o f  50°F l e s s  than t h e  
storage m a t e r i a l  temperature i n  t h e  HTS and 25°F g rea te r  than t h e  LTS 
storage tank temperature was made f o r  t h e  temperature o f  t h e  work ing 
f l u i d  a t  t h e  heat exchanger o u t l e t s .  Component e f f i c i e n c i e s  were assumed 
as 

Combined a1 ternator /genera tor  e f f i c i e n c y  = .95 
Turbine e f f i c i e n c y  = . 8  
Regenerator e f f i  c i  ency = . 8  
Nozzle e f f i c i e n c y  = .95 
Pump e f f i c i e n c y  = . 5  

I n  o f f - d e s i  gn operat ion,  t h e  e f f i c i e n c i e s  of these components (especia l  l y  
t h e  t u r b i n e )  may be a f f e c t e d  by t h e  v a r i a t i o n  o f  t h e  storage tank temperatures 
An at tempt was made t o  show t h e  ef fect  o f  decreased t u r b i n e  e f f i c i e n c y  
on system performance by i n t r o d u c i n g  a Rankine Cycle e f f i c i e n c y  f a c t o r  
i n t o  the  model. Th is  fac tor ,  qRankine, when s e t  a t  0.75 has t h e  e f f e c t  

o f  reducing t u r b i n e  e f f i c iency  by approximately 25% t o  60%, y i e l d i n g  
a range o f  WDTES performance t h a t  approximates the  e f f e c t s  o f  o f f -des ign  
Rankine Cycle operat ion.  

Energy Performance Resul ts  

Using t h e  p rev ious ly  descr ibed a n a l y t i c a l  model , a se r ies  of computer 
runs s imu la t ing  the  y e a r l y  performance o f  the  th ree  systems i n  a New 
England s e t t i n g  (us ing Bradley F i e l d  wind data)  were performed. Since 
t h e  number of independent v a r i a b l e s  was q u i t e  high, the  e f f e c t s  o f  a l l  
system parameters capable o f  being v a r i e d  i n  the  d i g i t a l  corr~puter s imu la t ion  
cou ld  n o t  be s tud ied  due t o  t ime and computer usage r e s t r a i n t s .  Thus, 
key parameters were i d e n t i f i e d  and v a r i e d  t o  g i ve  i n s i g h t  i n t o  system 
performance. These included: (1)  the  heat ing  and e l e c t r i c a l  loads, (2) low 



temperature thermal storage s ize ,  (3) h i  gh temperature thermal storage s ize,  
and (4) Ranki ne Cycle e f f i  c i  ency f a c t o r .  A1 though t u r b i  ne b l  ade diameter 
i s  a  key system v a r i a b l e  o n l y  the  40 ft s i z e  was considered. It was 
assumed t h a t  a  s i n g l e  wind t u r b i n e  w i t h  t h i s  s i z e  b lade (on a  60 ft tower) 
was w e l l - s u i t e d  t o  match t h e  loads under cons idera t ion  and represented 
t h e  l a r g e s t  s i zed  economical u n i t  for a  residence o r  farm. 

With t h e  th ree  d i f f e r e n t  heat ing  and e l e c t r i c a l  loads, v a r i a t i o n  
o f  t h e  p rev ious ly  described parameters y i e l d e d  a  mu1 ti tude o f  performance 
in fo rmat ion  on such des i red energy parameters as a u x i l i a r y  space and 
water  h e a t i  ng, e l e c t r i c a l  , o r  t o t a l  auxi 1  i a r y  energy requ i  rements , as 
w e l l  as o the r  system parameters (average storage temperatures, Rankine 
Cycle opera t ing  temperatures, etc.  ). A f u l l y  summary i s  beyond the  scope 
of t h i s  paper, and i s  contained i n  t h e  main repor t .  Some t y p i c a l  r e s u l t s  
emphasizing major po in ts ,  however, w i  11 be presented i n  t h i s  sect ion.  

F igure  4  presents t h e  t o t a l  auxi  1  i a r y  energy requirements f o r  the  
w e l l  i n s u l a t e d  residence us ing the  WDTES system w i t h  100 and 75% values 
o f  Ranki ne c y c l e  e f f i c i e n c y .  Co~iipared t o  t h e  t o t a l  energy requirements 
f o r  t h i s  system (25,516 kWh/yr) i t  can be seen t h a t  t h e  e f f e c t  o f  t h e  
Rankine Cycle e f f i c i e n c y  parameter on t o t a l  a u x i l i a r y  energy requirements 
i s  small .  As w i l l  be shown i n  t h e  next  graphs, a  t r a d e o f f  e x i s t s  between 
e l e c t r i c a l  and thermal hea t i  ng output  when t h i s  parameter i s  var ied.  
These r e s u l t s  a l s o  show t h a t  a  h i g h  temperature storage (HTS) s i z e  of 
about 100 gal i s  optimum f o r  t h i s  c o n f i g u r a t i o n  and opera t ing  load. 

Figures 5  and 6  present  t h e  f r a c t i o n s  of space heat ing  and e l e c t r i c a l  
loads t o  be suppl ied from a u x i l i a r y  sources f o r  each o f  these systems 
app l ied  t o  the  w e l l  i n s u l a t e d  residence. It can be seen, t h a t  once the  
improved wind furnace system's low temperature storage (LTS) subsys tem 
reaches 2000 gal ,  t h i s  system can supply more space heat ing  energy t h a t  
t h e  WDTES systems. However, t h e  IWFS requ i res  a  much l a r g e r  amount o f  
a u x i l i a r y  e l e c t r i c a l  energy i n p u t  than the  WDTES system, and, due t o  i t s  
con f igu ra i ton ,  t h i s  va lue i s  f i x e d  regardless o f  energy storage s ize.  

F igure  7  g ives a  comparison o f  t h r e e  types of systems f o r  the  farm 
a p l i c a t i o n .  These r e s u l t s  show tha t ,  f o r  a  h igh  temperature storage 
s i z e  o f  about 250 gal ,  t h e  WDTES, Type I1  system out-performs both the  
IWFS and the  WDTES, Type I system (which i s  n o t  s u i t e d  f o r  t h i s  p a r t i c u l a r  
appl i c a t i  on). De ta i l ed  c a l c u l a t i o n s  a1 so revealed t h a t  l a r g e  temperature 
f l u c u a t i o n s  i n  t h e  Rankine Cycle made HTS s izes  l e s s  than 100 gal  imprac t i ca l .  

Economic Analys is 

The h igh i n i t i a l  cos ts  of t h e  systems under study must be weighed 
aga ins t  t h e  savings i n  energy use, w i t h  respect  t o  conventional systems, 
t o  j u s t i f y  t h e i r  implementation. To ta l  cos ts  f o r  the  convent ional  and 
non-conventional systems were considered t o  i n c l u d e  component costs and 
f u e l  costs. Annual p r i c e  esca la t i on  r a t e s  o f  6% f o r  e l e c t r i c i t y ,  7% 
f o r  o i l ,  and 8% f o r  n a t u r a l  gas (17) were assumed f o r  t h e  20 year  amort i -  
z a t i o n  period. The component economics model f o r  the  wind energy system 
was based on an i n i t i a l  c a p i t a l  o u t l a y  i n  1977 fo r  a  pro to type syste~i i  o r  



a mass-produced system ( i f  t h i s  were possible today) w i t h  i ts  lower costs.  
The non-conventional energy systems, as well a s  the conventional heating 
systems were assumed t o  be paid f o r  during 20 year periods with an annual 
i n t e r e s t  r a t e  of 8%. The poss ib i l i ty  of se l l ing  excess e l ec t r i ca l  energy 
back to  a u t i  1 i t y  was not included. 

WDTES, TYPE II 
RESIDENTIAL ELECTRICAL LOAD 
WELL - INSULATED NEW ENOLAND 

HTS TANK SIZE (GAL. NaOH) 

Fig. 4 - Total auxil iary energy required i n  a function 
of HTS tank s i z e  f o r  both 100% and 75% Rankine cycle 
efficiency v a l  ues . 
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Fig. 7 - Comparison o f  systems fo r  farm app l i ca t i on .  

Costs o f  the wind tu rb ine  generator, the low temperature thermal storage 
and the conventional systems (based on work i n  Refs. 4 and 5 )  were adjusted 
t o  r e f l e c t  changes i n  the consumer p r i c e  index. Costs f o r  the  h igh ternper- 
a tu re  thermal storage, the Rankine Cycle, and power cond i t ioner  ( r e c t i f i e r  
and inven te r )  were unique t o  t h i s  study. The NaOH ma te r i a l  cos t  was 
estimated from Refs. 9 and 10, and the costs  o f  the o ther  HTS components 
were estimated on t he  bas is  o f  past UMass wind furnace experience. 
The costs o f  the two d i f f e r e n t  power cond i t ioner  ( r e c t i f i e r  and i n v e r t e r )  
were unique t o  t h i s  study. The NaOH mater ia l  cos t  was estimated from 
Refs. 9 and 10, and the costs o f  the  o ther  HTS components were estimated 
on the  basis o f  past  UMass wind furnace experience. The costs  o f  t he  
two d i f f e r e n t  power cond i t ioner  systems were estimated from represen ta t i ve  
manufacturers technica l  data. A pre l im inary  est imate o f  t he  Rankine 
Cycle power system costs was obtained from Ref. 18, however, Barber (19) 
has recen t l y  estimated much higher costs  f o r  small Rankine power systems. 
I t  should be pointed ou t  t h a t  s t a t e  o f  the a r t  Rankine systems are no t  
p resen t l y  comi ierc ia l ly  ava i lab le ,  a t  l e a s t  a t  the lower cos t  l e v e l s  o f  
Ref. 18. Spec i f ic  d e t a i l s  of t he  var ious subcomponent costs  and o ther  
va r iab les  p e r t i n e n t  t o  the  economics analys is  are given i n  Ref. 6. 



An analytical model was developed to compare the economics of the 
proposed systems w i t h  conventional heating and electrical  energy supply 
systems. Using results  obtained from the previously discussed system 
energy performance model, the economic potential of each prototype or 
mass-produced system was determined for  each of the residential or farm 
applications. Typical results from this analysis for  the we1 1-insulated 
residence ankthe  farm application are shown in Figures 8, 9, and 10. 
All systems are compared on the basis of an average (over a 20 year period) 
annual cost which included b o t h  fuel and capitcal costs (loan payback 
plus interest  charges). As discussed i n  the previous section, key system 
performance vari abl es were the high and 1 ow temperature storage system 
sizes. 

IWCS 

2800 I RtSlDEWTlAL ELECTRICAL LOAD 
WEU- INSULATED n e w  man 
RUIDENCE SPICE HEATINO LOAD 
B C Y I N l  INVERTER 

. jONVlNTlONAL ELECTRIC 

AUXILIARY 
ELECTRIC 

in . . 

0)  ,CONVINTIONA L OIL 

A AUXILIARY OIL 
4 AUXILIARY @A 
C 

2 I.oO b-* 
XILIARY ELECTRIC 

a 
9 
2 2 I600 

F i g .  8 - Total annual IWFS system costs as a function of 
LTS tank size for  conventional , prototype, and mass-~roduced 
sys terns. 
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Fig .  9 - T o t a l  annual system cos ts  as a f u n c t i o n  o f  LTS 
tank  s i z e  f o r  convent iona l ,  protot,ype and mass produced 
sys terns. 
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F i g .  10 - Total  annual system costs as a f unc t i on  of HTS 
tank s i ze  f o r  convent ional ,  pro to type and mass-produced 
sys terns. 
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Conclusions and Recommendations 

Optimum system con f i gu ra t i on  and component s izes f o r  each o f  t he  th ree  
app l i ca t ions  can be made e i t h e r  on the bas is  o f  minimum a u x i l i a r y  energy 
requirements o r  minimum annual system costs. 

For t he  we l l - insu la ted  New England residence, r e s u l t s  shown i n  Fig. 
4 i n d i c a t e  t h a t  the  minimum t o t a l  a u x i l i a r y  energy requirements occur when 
the  WDTES, Type I1 scheme, w i t h  a 100 ga l  HTS i s  used. Th is  system would 
supply over 95% o f  t he  26,516 kWh t o t a l  energy loads o f  the home, even 
w i t h  a t u rb ine  e f f i c i e n c y  o f  60%. However, i t  i s  n o t  economical t o  use 
such an expensive energy system. As shown i n  Fig. 8 the  minimum annual 
system costs (over  $300 w i t h  respect t o  conventional gas systems) f o r  t h i s  
app l i ca t i on  occur when the mass-produced IWFS model w i t h  e l  e c t r i c a l  auxi  l i a r y  
and a 2000 gal LTS i s  used. 



x v i  i i 

With the  average New England residence t h e  WDTES, Type I1  scheme repre-  
sents t h e  most energy e f f i c i e n t  model of t h e  three,  a l l o w i n g  about 73% 
of t h e  t o t a l  r e s i d e n t i a l  energy requirement o f  44,733 kwh t o  be suppl ied. 
Again, though, t h e  mass-produced IWFS provides the  1 eas t  expensive (over.  
$700 annua l ly  w i t h  1000 gal  LTS and a u x i l i a r y  gas use) means o f  energy 
supply. 

I n  t h e  average New England farm s e t t i n g ,  again the  WDTES, Type I1  
proved t h e  most e f f i c i e n t ,  supp ly ing some 66% of t h e  55,684 kwh t o t a l  farm 
energy requirements ( w i t h  a 250 gal HTS). Resul ts  from t h e  economic ana lys i s  
(see Fig. 9) showed t h a t  the  annual savings over convent ional  gas costs  
by us ing a mass-produced IWES w i t h  a 1000 gal LTS and an a u x i l i a r y  gas 
system, i s  almost $1000. 

Two avenues o f  research, bo th  a n a l y t i c a l  and experimental,  should 
be fo l l owed  t o  cont inue t h e  work o f  t h i s  i n i t i a l  i n v e s t i g a t i o n .  On the  
experimental s ide,  a wel l - instrumented p i l o t  p l a n t  opera t ion  should be 
c a r r i e d  o u t  i n  o rde r  t o  determine the  a n a l y t i c a l  program's o v e r a l l  v a l i d i t y  
and use as an engineer ing t o o l .  Future a n a l y t i c a l  s tud ies  should consider 
o t h e r  (perhaps l a r g e r  s ized)  a p p l i c a t i o n s  o f  t h e  IWFS and WDTES schemes 
us ing v a r y i n g  o r  mu1 ti p l e  WTG sizes.  Other m o d i f i c a t i o n s  might  i nc lude  
t h e  use o f  conventional b a t t e r y  storage systems i n  o rde r  t o  decrease storage 
tank s izes  and u t i l i t y  e l e c t r i c a l  requirements. More d e t a i l e d  subsystem 
analyses should inc lude  a d e t a i l e d  study of h igh  temperature tank s t r a t i -  
f i c a t i o n ,  coupled HTS and Rankine Cycle i n t e r a c t i o n ,  and an o f f -des i  gn 
performance of t h e  Rankine Cycle. F i n a l l y ,  t he re  i s  a need f o r  cont inued 
economic analyses as subcomponent p r i c e s  become more p red ic tab le ,  and t h e  
economic p o t e n t i a l  of these systems should be s tud ied  w i t h  respect  t o  any 
major  government a l t e r n a t i v e  energy fund ing o r  t a x  incen t i ves  plan. 
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