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ABSTRACT 
 
A solar thermal combination domestic hot water (DHW) 
and space heating system was retrofitted to a residential 
dwelling (2800 ft3(260 m3)) in southern MN, USA, (latitude 
44.323° N).  Since the existing household heating system 
utilized hydronic baseboard emitters, which are not often 
seen as a viable option for solar thermal integration, the 
design of this system posed technical challenges. The 
integration of several design features were intended to 
balance competing demands of collector efficiency (better at 
lower delivery temperatures) and hydronic heating system 
performance (better at higher temperatures).  
 
The design included the following features: 
 
1.  Evacuated tube collectors for optimum winter 
performance. 
2.  Reduction of the hydronic system delivery temperature 
allowed by the fact that the dwelling’s hydronic system was 
oversized for much of the season. 
3.  Differential temperature control of the the space heating 
pickup loop in the solar thermal storage.  Solar thermal 
energy is delivered to the space heating system whenever 
the solar thermal storage temperature is greater than the 
return from the hydronic loop. 
 
During the first 12 months of operation, the system reduced 
the natural gas consumption for the hot water and space 
heating by 34% compared to an average of the previous 4 
years of data, but energy use reductions can also be 
attributed to improved heating system efficiency from 
improvements made to the heating system during the 
installation of the solar thermal system.  The analysis 
presented here attempts to distinguish solar thermal 

performance from heating system improvements and 
determine the contributions of the various design features 
and the solar energy contribution. 
 
 
1.  INTRODUCTION 
 
Discussions of potential renewable energy production in the 
US and the world often focus on the gross technical capacity 
for energy generation.  Closer consideration, however, of 
the technical and economic pathways for actually realizing 
that potential presents a cloudier picture.  In the case of 
residential energy production, for example, the realities of 
our existing housing stock present significant barriers to the 
adoption of renewable energy. 
 
Residential energy use is a worthwhile focus for energy 
conservation and the conversion to renewable sources:  
primary residential energy consumption (including off-site 
losses from electrical generation) was 20% of US primary 
energy consumption in 2006[1].  Whatever the motivation 
for reducing fossil fuel consumption, be it carbon emission 
reductions, pollution reduction, domestic energy security, or 
economic value, a 1/5 share of energy use offers a 
significant target. 
 
This residential share of energy use is consumed by a 
housing stock that varies widely in its energy efficiency and 
suitability to the application of renewable energy.  In 2007, 
near the end of a sustained building period in US real estate 
markets, the median age of the US housing stock was 34 
years [2]—half of our housing stock had been built before 
the 1973 oil shock.  Besides being built before a widespread 
consciousness of energy efficiency, many of our houses 
were (and are still being) built without regard to access to 



renewable energy (e.g. proper orientation and 
configuration).  
 
Compounding the challenge, the mechanical systems of a 
house are not always well-suited for renewable energy 
applications.  While solar electric systems have overcome 
some of these hurdles through inverter design, solar thermal 
application to space heating loads often encounters a 
mismatch between the optimum temperatures for solar 
thermal collection system efficiency, and the optimum 
delivery temperature of the household heating system.   
 
Ramlow and Nusz [3] discuss ways of integrating solar 
thermal space heating with existing residential heating 
systems.  They note that the most effective application is 
with in-floor radiant heat because the low delivery temps 
(often less that 90°F (32°C) match well with solar thermal 
performance.  They also note good possibilities for 
integration with water to air heat exchangers in central 
forced air furnaces and unitary fan convector units.  They 
also suggest that hydronic heating systems using hydronic 
baseboard emitters are incompatible with solar thermal 
space heating because high delivery temperatures (180°F 
(82°C) are required—temperatures beyond the range of 
typical solar thermal systems, especially in the wintertime. 
 
Ramlow and Nusz [3] also suggest delivering solar thermal 
heat through parallel systems when the existing heating 
system is incompatible with solar thermal and, in contrast to 
the statement that hydronic baseboard convection units can’t 
be used, they suggest using baseboard units for parallel heat 
delivery. 
 
Closer examination of the apparent contradiction resulted in 
the effort presented here.  Hydronic baseboards coupled 
with older inefficient non-condensing boilers do require 
higher loop temperatures to protect the boiler from 
condensation and corrosion caused by colder return 
temperature[4].  But if properly sized, they can deliver heat 
at lower temperatures and thus be combined with solar 
thermal sources.  The key design elements are 1) proper 
sizing of the baseboard elements to ensure thermal 
performance at lower delivery temperatures; 2) a back-up 
heat source compatible with lower delivery and return 
temperatures; and 3)control strategies that ensure that solar 
thermal heat is used when it is most effective. 
 
 
2.  BACKGROUND DATA 
 
The residential structure in this study is a two-story (one 
above ground story with a  partially exposed basement) 
2800 ft2 (260 m2)house.  Constructed in 1968, the structure 
has a brick exterior and fiber glass (est. 3.5” (9 cm)) 
fiberglass insulation.  The original vermiculite attic 

insulation has been supplemented over the years first with 
fiberglass insulation and then with approximately 12” (30 
cm) of cellulose insulation. 
 
The existing heating system consisted of a 140 kBTU/hr (42 
KW) input rating non-condensing boiler that was at least 20 
years old.  Heat delivery was through 108 ft (33 m) of 
hydronic radiant baseboard divided into 3 zones:   two 
simple loops in the second story and one zone divided into 
two parallel loops in the lower story.  Each zone was 
controlled by a separate thermostat. 
 
At the beginning of this project (December 2009), the hot 
water was supplied by a 50 gal (190 L), power-vented gas 
water heater  with a 65 kBTU/hr (20 KW)input rating and 
an energy factor of 0.62.  This water heater had been in 
service approximately one year.  Prior to the installation of 
this water heater, there had been a 40 gal (150 L) 
atmospheric vented gas water heater in the house 
 
An energy audit was performed on the house (by 
Enervision1 under contract with the natural gas utility 
company, CenterPoint Energy) in October 2007.  Blower 
door tests showed a leakage ratio of 0.60 cfm/ft2 (0.3 
m3/m/m2) at 50 Pa of pressurization, slightly better than 
typical homes examined by this energy auditor.  Infrared 
photography revealed no significant insulation problems 
except in the above grade portion of the lower story, where 
only 1” (2.54 cm) sheet rigid foam insulation was used.  
Subsequent inspection in the area above a suspended ceiling 
in the lower story also revealed no insulation along the sill 
plate between the two stories—this is where the hydronic 
line to the first floor was run. 
 
Based on the energy audit data and past natural gas use, the 
heating energy consumption2 of this house was determined 
to be 4.07 BTU/HDD/ft2  (0.023 KWH/HDDC/m2) 
accounting for nighttime setback of the thermostat and a 
daytime set point of 67°F (19.4°C). The annual fuel 
utilization efficiency (AFUE) of the boiler was determined 
to be 0.61 (instantaneous efficiency of 79%) if the pilot light 
was left on during the summer.  Allowing for the AFUE of 
the heating system, the actual energy delivered would be 
2.48 BTU/HDD/ft2 (0.014 KWH/HDDC/m2). 
 
Analysis of past natural gas use of the house, combined the 
hot water heater characteristics, produced an estimate of 
20.8 x 106 BTU/year (6077 KWH) of natural gas for hot 
water heating.  Assuming 50% efficiency of the original 
water heater, the actual energy used in heating water is 10.4 

                                                
1 http://www.enervision-web.com/ 
2 Heating degree days (HDD) based on a reference 
temperature of 65°F (18.3°C). HDDC refers to HDD 
calculated with Celsius units. 



x 106  BTU/year (3038 KWH/year).  Assuming incoming 
water at 45°F (7.2°C) and a heated water temp of 120°F 
(49°C), this would correspond to 45.5 gal (172 L) of hot  
water per day. 
 
Prior to November 2006, this house was occupied by an 
elderly couple.  The house was then vacant from November 
2006 to June 2007, at which point a 5-person family moved.  
Historical data on natural gas consumption and HDD [5] for 
this house are presented in Table 1.  The aforementioned 
heating energy consumption value was used to calculate the 
predicted energy consumption.  Except for the first year, the 
predicted values were within 100 therms (29 KWH) of the 
actual value.  The data is insufficient to prove this, but the 
over prediction of energy use in the last two years may 
reflect the change in occupancy in the house. 
 
TABLE 1:  PRIOR  NATURAL GAS CONSUMPTION 

 
 
3.    SOLAR THERMAL COMBINATION SYSTEM 
DESIGN 
 
In developing the solar thermal system for this house, the 
realization that hydronic heating system delivery 
temperatures are set more by boiler characteristics than by 
the baseboard emitters led to an examination of how 
hydronic baseboards might perform with lower 
temperatures.  
 
Based on a -20°F (-29°C) design day (equivalent to 85 HDD 
(47 HDDC) and the heating load determined from the energy 
audit, the heating system will consume 987 kBTU (288 
KWH) per day (or 41 kBTU/hr (12 KW) before adjusting 
for boiler efficiency on the design day.  Correcting for the 
original boiler instantaneous efficiency of 79%, 32 kBTU/hr 
(9.4 KW) are required from the baseboard emitters. Over the 
108 linear feet (33 m) of baseboard emitter, that is 300 
BTU/hr/ft (290 W/m) of emitter.  A readily available 

baseboard radiator emitter3 similar to those installed in the 
house can deliver 320 BTU/hr/ft (307 W/m) of emitter with 
140°F (60°C) water delivered at 1 gpm (0.063 L/s).  
 
Recognizing that the design day is not a regular occurrence 
even in the southern MN climate where this house is 
located, and noting that heating system design with the 
current generation of high-efficiency boilers often uses 
outdoor reset controls to lower water temperature on 
warmer day, one can allow variable water temperature and 
only operate at the maximum temperature when necessary.  
The same baseboards noted in the above example, for 
instance, can still deliver 160 BTU/hr/ft (150 W/m) of 
emitter with 110°F (43°C) water.  The daily output at this 
delivery temperature could meet the load at an outdoor 
temperature of 19°F (-7.2°C)—a much more typical winter 
temperature. 
 
Based on this analysis, the following features were  
implemented in the final design, which is outlined 
schematically in Figure 1. 
 
1. The original boiler was replaced with a more efficient on-
demand water heater (Takagi Tk-Jr--140 kBTU/hr (42 KW) 
input rating) operating in a closed loop mode and including 
a “step-down” loop to allow variation of the delivery 
temperature.  The “step-down” loop could have been 
implemented with the previous boiler, but in addition to the 
increased efficiency, the on-demand water heater required 
much less space.  A greater efficiency step would have been 
to install a condensing boiler, but the cost would have been 
three times that of the on-demand water heater.  As 
implemented, the step-down loop control is done by manual 
adjustment of a mixing valve.  Eventually, this should be 
replaced by an outdoor reset control. 
 
2.  Solar thermally heated water (extracted from the upper 
layer of the 320 gal (1200 L) solar thermal atmospheric 
pressure storage via a ¾” (1.9 cm), 100 ft (30 m) long 
copper) is injected into the heating loop whenever the return 
temperature is lower than the solar storage.  The valve 
admitting the solar heated water is controlled by a simple 
differential controller. 
 
4.  Evacuated tube solar collectors were chosen because of 
their ability to deliver higher temperatures in colder 
weather.  Ramlow and Nusz [3] suggest collector area be 
sized based on average heating load over the heating season, 
but in this case roof area and solar access limited the 
collector area to four 30-tube collectors (Apricus AP-30) 

                                                
3 i.e. Slantfin baseboard emitters (see 
http://www.slantfin.com/documents/674.pdf accessed 
March 2010) 

YEAR* 2005-2006 2006-2007 2007-2008 2008-2009

MONTH                                 NATURAL GAS CONSUMPTION, THERMS**

FEBRUARY 200 172 246 227

MARCH 175 189 136 183

APRIL 116 85 83 111

MAY 81 70 18 52

JUNE 28 22 13 17

JULY 17 18 13 9

AUGUST 18 21 9 8

SEPTEMBER 17 15 12 12

OCTOBER 26 55 14 13

NOVEMBER 89 98 62 69

DECEMBER 199 138 172 157

JANUARY 228 217 243 210

TOTAL 1194 1100 1021 1068

ANNUAL HDD***+ 6943 7036 7615 8415

PREDICTED TOTAL 

THERMS
999 1010 1076 1167

*Annual period adjusted to end with timing of solar thermal implementation for comparison purposes

**1 therm - 100,000 BTU

*** The 2007-2008 HDD record from the National Weather Service contained a number of missing values that

 had to be estimated.



connected in series and delivering heat to the atmospheric 
pressure storage via a ¾” (1.9 cm) diameter copper pipe coil 
(100 ft (30m)) in the bottom of the storage.  For freeze 
protection, the copper loop is filled with propylene glycol 
antifreeze.  The differential controller (Apricus Sentinel-
Pro) offers additional relay control outputs.  These are used 
in conjunction with aquastats to disable the solar heating 
loop when the storage temperature is below 105°F (40.5°C) 
(this maximizes solar thermal usage for domestic hot water 
heating) and to disable the on-demand water heater when 
the storage temperature is above 140°F (60°C). 
 

 
Fig. 1: Schematic diagram of the heating system design in 
schematic form. Dashed lines refer to alternate paths relative 
to the solar thermal storage.  Most electrical controls  are 
not shown.  
 
5.  Although the on-demand water heater is operating in 
closed loop mode, it is also used for backup water heating 
through a heat exchanger.  The hot water supply line first 
passes through a ¾” (1.9 cm), 80 ft (24 m) long copper coil 
in the upper part of the solar thermal storage and then 
through the tube in-shell-heat exchanger (site fabricated 
with two parallel 15 ft (4.6 m) runs of ¾” (1.9 cm) copper 
pipe inside 1” (2.5 cm) copper pipe).  A priority flow 
control disables house heating when hot water is flowing 
and bypasses the step-down loop to deliver the maximum 
temperature water (182°F (83°C) from the on-demand water 
heater to the heat exchanger.   A 6 gal (23 L) buffer tank in 
line with the hot water is kept heated with a recirculating 
loop (controlled by a thermostat on the buffer tank).  This 

compensates for the delay caused by the heat exchanger and 
the pipe run from the solar thermal storage tank.  During the 
summer months, the on-demand water heater can be 
disabled and the recirculation loop run through the solar 
storage. 
 
TABLE 2:  NATURAL GAS CONSUMPTION BEFORE 
AND AFTER INSTALLATION  

 
 
4.    SYSTEM PERFORMANCE ANALYSIS 
 
The design presented above was constructed between 
October 2008 and February 2009, with switchover to the 
new heating system, including the solar thermal water 
heating, occurring in mid December 2009.  Implementation 
of the differential control for the solar thermal heat addition 
system took place in February.   
 
Table 2 presents the heating system natural gas consumption 
relative to the previous year and the average of the prior 4 
years.  December 2008 natural gas consumption reflects 
several transition days when natural gas was not used to 
heat the house, while January 2009 consumptions reflects 
the contribution for increased heating system efficiency and 
some solar domestic hot water heating.  February 2009 is 
the first month to reflect any possible solar thermal gains to 
space heating.  Relative to the average prior consumption, 
natural gas use is down 34% during the first year of 
operation. 
 
Since precise data on thermal transfers within the system is 
unavailable, it is difficult to quantitatively assign the natural 
gas savings to any one three possible factors:  increased 
heating system efficiency, solar thermal space heating, and 
solar thermal domestic water heating.  Additionally, there 
were changes in several factors external to the heating 
system: 
 
1.  In October 2009, some of the basement insulation 
deficiencies noted in the energy audit were corrected.  This 
may have improved over all building performance. 
 

YEAR                                   2005-2008 AVERAGE                                 2008-2009                                 2009-2010

MONTH

NG USE, 

THERMS HDD

NG USE, 

THERMS HDD

NG USE, 

THERMS HDD

FEBRUARY 211 1490 227 1663 145 1433

MARCH 171 1100 183 1222 112 1121

APRIL 99 658 111 844 62 727

MAY 55 330 52 393 15 327

JUNE 20 60 17 79 4 112

JULY 14 2 9 5 1 17

AUGUST 14 6 8 0 0 4

SEPTEMBER 14 80 12 102 0 46

OCTOBER 27 292 13 263 21 494

NOVEMBER 80 750 69 745 43 653

DECEMBER 167 1320 157 1390 121 1223

JANUARY 225 1413 210 1709 197 1695

TOTAL 1096 1068 721

ANNUAL HDD 7502 8415 7852

PREDICTED 

TOTAL, THERMS 1063 1167 1103



2.  From 2008 to 2009, there was an increase in hot water 
use for showering (adolescence!).  Based on past natural gas 
use in the summer and the energy audit, prior hot water 
consumption was approximately 60 gal/day (230 L/day).  
Observations of showering time and flow rates suggest this 
value may now be closer to 85 gal/day (320 L/day).  Thus 
natural gas savings may be higher than the 34% value. 
 
3.  In September 2008, automatic setback thermostats were 
installed in the house which allowed for a more aggressive 
nighttime setback regime.  The current occupants may also 
keep the house cooler than previous occupants, but precise 
information is unavailable. 
 
Despite these limitations, close examination of the data 
offers some clues to how various aspects of this system 
performed. 
 
The first observation is that, while some of the performance 
gain can be attributed to increased heating system 
efficiency, solar gain also played a role.  The January 2009 
data, for example reflected the contribution of solar 
domestic water heating and increased system efficiency, but 
since the injection of solar heated water was not under 
differential temperature control, solar space heating gain 
was excluded.  Likewise, during January 2010, almost daily 
observation of the solar thermal storage temps and heating 
system operation showed that solar space heating gain was 
minimal or even nonexistent, and solar domestic water 
heating met only a fraction of the demand.  In fact, there 
were several days of no solar gain due to the glycol 
“slushing” in extremely low temperatures and preventing 
any flow in the collector loop.  Past performance and the 
increased domestic hot water demand would have predicted 
about 220 therms (6500 KWH) of natural gas use, while 
actual use was 210 therms (6100 KWH)—not a dramatic 
efficiency increase.   
 
The high HDD loads of January 2009 and 2010, which 
reflected severe winter weather, probably kept the on-
demand water heater operating at higher capacity which 
may have limited the efficiency gains from its burner 
modulating capacity.  It is also possible that winter domestic 
hot water use increases even more than that observed and 
thus masked the actual performance of the system. The 
specifications for the on-demand water heater list an AFUE 
of 81% for this unit (which may only apply to domestic 
water heating applications)4.  In strict efficiency terms, this 
should have produced a much higher gain than was 
observed in January 2009 and 2010, so the improved overall 
system performance is not simply due to improved boiler 
efficiency. 

                                                
4 Takagi specifications accessed at www.takagi.com, March 
2010. 

 
Further evidence for the contribution of solar thermal is 
found in October and November of 2009.  October was an 
exceptionally rainy month [6] and the natural gas use 
decrease, about 22% was much less than September and 
November, which were much drier and sunnier. 
 
While some of the increase system performance can be 
attributed to solar thermal domestic water heating (where 
solar thermal systems excel), even if it met all of the 
historical annual demand of 208 therms (6070 KWH) (an 
unlikely occurrence that did not fit with observations), the 
reduction in natural gas use would have been about 19%. 
 
Finally, the greater fractional natural gas consumption 
reductions in the milder fall and spring months, when 
heating loads are lower and insolation is higher relative to 
winter, is consistent with significant use of solar thermal 
heat for space heating.  The fractional demands cannot be 
explained by solar thermal domestic hot water heating 
alone—even if 100% of the hot water demand was met 
through solar thermal. 
 
Taken together, the quantitative data and qualitative 
observations suggest that the strategy for directly integrating 
solar thermal into a home with hydronic baseboard emitters 
is technically feasible and potentially fruitful when the 
system can be modified to allow lower delivery 
temperatures. 
 
 
5. POTENTIAL DESIGN REVISIONS 
 
Ramlow and Nusz [3] offer two guides for sizing solar 
thermal space heating system similar to that considered here 
(with storage and in a similar climate) in order to meet 50% 
of the heating load.   One, based on average heating load, 
suggests that the house discussed here would require 10 to 
13 collectors of the type used here (the variability reflects 
uncertainty about how much improved performance can be 
attributed to the evacuated tube versus flat plate collectors).   
The other method, based on square footage, would require 8 
collectors.  Allowing for the fact that the system studied 
here also is supplying domestic hot water, the 34% 
reduction in heating energy is a good effort relative to the 
design guideline. 
 
Notwithstanding the positive performance, there are two 
areas of potential improvement—outdoor reset control of 
the delivery temperature and adjusting the size of the solar 
thermal storage.   
 
As noted in the outline of the design above, the delivery 
temperature of the heating loop is manually adjustable.  This 
adjustment has only been done on roughly a monthly basis 



thus far.  As a consequence, there have probably been many 
days when lower delivery temperatures (lower than the solar 
thermal storage) would have allowed greater use of the solar 
thermal energy, but the setting was too high.  Automatic 
adjustment of the delivery temperature through an outdoor 
reset control would be a logical way to increase the 
effectiveness.   
 
For example, in the temperature record [5] for the 2009-
2010 year examined here, 70% of the days in the heating 
season have a temperature greater than 19°F (-7.2°C).  As 
noted above, typical hydronic baseboard emitters could have 
met the heating demand for this house (even before the 
heating system upgrade) with 110°F (43°C) water.   
 
In regards to solar thermal storage volume, the value chosen 
was based on data from Lane [7] that suggested 2.5-3 gal/ft2 
(122 L/m2) of collector area was appropriate.  While the 
larger storage may collect more BTU’s for water heating, 
and help with limiting temperatures in the summer, the 
storage temperature was usually below 100°F (38°C)  when 
observed during the coldest (and shortest) days of winter 
suggest the storage may be too large.  Given that the 
collector area is small enough that total load is always larger 
than solar thermal output, winter time storage temperatures 
would be higher, and thus enable more use for space 
heating, with a smaller storage.  available heat would go 
right to heating and storage temps would remain low.  
  
This strategy might require the addition of heat dissipation 
capacity in the summer.  Presently, excess summertime 
temperatures are easily controlled.  A “vacation bypass”, 
which allows thermosiphoning at night, is opened when the 
house is vacant in the summer.  There is also the possibility 
of dumping heat to the basement baseboard emitters—the 
lower floor space is quite humid in the summer and a 
limited addition of heat can help dry out the space. 
 
Given potential for greater solar heat utilization, the added 
cost and complexity of more elaborate heat dissipation 
might be worth having a smaller, more effective size for the 
solar thermal storage.  The potential gains will also have to 
be weighed against losses in solar thermal collector 
efficiency at higher temperatures. 
 
 
6.  CONCLUSION 
 
The retrofit solar thermal space and domestic water heating 
system design presented here reduced natural gas 
consumption in this residence by 34%. Examination of the 
natural gas consumption data offers support to the 
conclusion that a differential temperature control strategy 
for delivering solar thermal heat through hydronic 
baseboard emitters in concert with a boiler is a feasible 

strategy.  Full effectiveness requires an outdoor reset control 
strategy and probably a smaller storage volume relative to 
collector area. 
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