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OBJECTIVES 

The LBL solar controls program has three prin
cipal objectives: To use the LBL test facil ity to 
evaluate experimentally the relative performance of 
different solar heating control strategies for a 
variety of input meteorological conditions and out
put load demands; to analyse problems 1n the con
trol of active solar systems that effect system 
performance and reliability and carry out theoreti
cal studies of collector and load loop performance 
in support of the experimental work; and to perform 
technical support activities as part of the Depart
ment of Energy (DOE) solar heating and cooling R&D 
program. Program support tasks i ncl ude program 
planning, preparation and evaluation of solicita
tions, proposal reviews, and technical monitoring 
of DOE solar contracts. 
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The experimental test facility was constructed 
to evaluate the operation and performance of active 
hydronic solar energy system control strategies and 
equipment. The facility consists of a collector 
loop heat input simulator, a storage tank, a load 
loop air channel with fan coil, an auxiliary 
heater, and associated pumps and valves. Only the 
apparent temperature of the coll ector. and the load 
demand thermostat condition are simulated, enabling 
control strategy and equipment comparisons based on 
identical meteorological and load conditi~n~'3 Ihe 
facility is described in detail elsewhere" , • 

This year the experimental test facil ity was 
operated to simul ate a speCific residential sol ar 
assisted heating system for several days, using 
both 5 imul ated weather and typi cal meteorol ogi cal 
year (TMY) weather and insolation data for Madison, 
Wisconsin in January. The residential building 
loads are cal cul ated usi ng i nci dent i nso1 a ti on, 
along with the TRNSYS and are used as inputs, to 
drive the experimental system simulation. Early in 
the year a number of four hour and one day experi
ments were repeated to verify operati on and energy 
balance of the collector loop and of the load loop 
separately. At the end of the year a number of two 
day experiments using TMY year data were run. 

The performance of a solar system during a 
particular day is dependent on the insolation, 
ambient temperature (which determines collector 
losses and building load), and the system's perfor
mance during the previous day as indicated by the 
starting storage tank temperature. A knowl edge of 
what wi 11 happen on the next day is also important 
to measure the utilization of energy collected on a 
particular day. The weather. and insolation pat
terns for January in Madison and hourly storage 
tank temperatures predicted by TRNSYS for January 
were examined to determine categories such as high 
amount of insolation, low ambient temperatures, and 
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poor previous day. Two pairs of days were chosen 
for detailed test facil i ty s imul ati on: a "bad-good" 
series and a "good-bad" series. 

Performance indicators, used for evaluating 
solar systems, include: collection efficiency, sys
tem thermal efficiency, solar coefficient of per
formance, system overall effiCiency, and solar 
fraction. In addition, t~e change in storage tank 
.temperature indicates the extent to whiCh available 
solar energy is taken from or added to the storage 
tank over a given period. 

Test Facility Results 

Experiments were run using simulated meteoro
logical and load inputs to evaluate experimental 
repeatabil i ty and veri fy system energy bal ances. 
Experiments also compared two control strategies: a 
storage-coupled heating mode and a direct collector 
to load heating mode. In the storage-coupled heat
i ng mode, coll ectors heat the storage tank and 
energy is drawn from storage to heat the load when 
available and needed: With the direct heating mode, 
the collectors can supply heat to the load without 
going through the storage tank. The direct heating 
mode requires additional piping, valves, and con
trol. 

~able I shows results from test facility 
experlments. The quantities used in the tables are 
defined as follows: building load (QLOAD), auxili
ary energy for load (QAUX), the natural gas usage 
(GAS), solar energy delivered to the load (QSOLAR
LOAD), insolation onto the collector (QI), col
lected energy (QC), predicted collected energy 
(QC tb), stor~ge tank losses (SLOSS), load loop pip
ing "losses ([LOSS), collector loop piping losses 
(CLOSS), parasitic energy used (PARA), average 
storage tank temperature (Ttank ) stored energy 
(QS), and change in stored energy (bQS). 

Table I shows typical one day summaries for a 
col d January day in Madi son, Wi sconsi n with good 
insolation. The 24 hour system energy bal ance is 
within 2 1;, indicating good accounting of energy 
flows in the coll ector and load loops and in the 
storage tank. This energy accounting is done 
minute by minute as the experiment progresses. 
Energy fl ow quantiti es are cal cul a ted from measured 
temperatures and flow rates. Energy losses are 
cal cul ated from measured fl ui d and room tempera
tures and experimentally estimated loss coeffi
cients. The parasitic and auxiliary gas consump
tion are measured with standard utility meters 
interfaced to the experiment instrumentation. 

Test days were run twice for each of two di f
ferent control strategies: direct heating and 
storage-coupl ed heati ng. The different runs show 
excellent agreement in the load demand, QLOAD, the 
total energy inputs to the system, Qin, the total 
energy output from the system, Qout, and the energy 
balance, Q. The energy loss terms, SLOSS, LLOSS, 
and CLOSS also agree we.ll from run to run. How
ever, there is some variation from run to run in 
the auxiliary energy usage, QAUX, in the change in 
stored energy, DQS, and in the contribution to the 
load from solar, QSOLAR-LOAD. This variation isof 
the order of 25 MJ over the day and represents less 



Table 1. Comparison of Test Facility Runs with TRIISTS Simulation for 
January 18 in Madison. Wise •• I cold weather day with good 
I nsolltlon. 

Quanti ty Units Run 7 Run 11 Run 8 Run 12 TRIISTS 

Strategy· 01 roct Direct Storage Storage Series 

Time hr 0-24 0-24 0-24 0-24 408-432 

T .. bav? OC -10 -10 -10 -10 -10 
Inltla T tanl: OC 31.1 31.5 31.1 31.6 31.2 
Final TUnI: oC 32.5 33.3 32.3 32.4 36.4 
Change T tanl: oC 1.4 1.8 1.2 0.8 5.2 

DQStanl: KI 24.7 32.8 21.0 14.6 94.7 
SI.OSS KI 27.6 27.4 27.4 25.6 35.4 
QI.OAO KI 517.8 517 .9 517.9 517.3 514.6 
1.1.0SS KI 38.6 38.5 36.0 32.1 24.2 
QAUX KI 234.5 248.0 230.5 204.9 268.3 
QI KI 831.0 831.0 832.1 831.5 831.4 
QCth KI 410.7 401.1 424.0 428.5 421.8 
QC KI 390.7 388.7 386.8 412.5 421.9 
CI.OSS KI 12.4 11.8 11.8 11.2 15.6 
PARA KI 32.7 30.9 33.4 31.9 
Qln KI 600.5 603.9 596.3 602.8 595.5 
Qout KI 596.4 595.6 593.1 586.2 589.8 

aalance (lQ' KI 4.1 8.3 3.2 16.6 5.7 
aalance (S' 0.7 1.4 0.5 2.8 0.97 
QSOI.AR-I.0A0 KI 321.9 308.4 323.4 344.5 270.5 
Sollr to load " 62 60 62 67 53 

than 5 % of the total energy flow .duri ng the day 
which was the accuracy goal for measuring energy 
flows in the test facility. 

Comparison of Test Facil ity Resul ts with TRNSYS 

To assist in evaluating the results obtained 
from the test facil i ty, TRNSYS simul ati ons are run 
for the same test days. The TRNSYS simulation was 
started on January 1 at 1 AM, using TMY weather 
data, with a storage tank temperature of 20 °C, and 
run continuously for the entire month. Initial 
average storage tank temperatures and time depen
dent building loads, as determined by TRNSYS for a 
given period, were then used for the experiments. 

The test facil i ty operati ng strategy uses an 
auxil iary heater to boost the temperature of the 
water to the fan coil as long as the return water 
temperature is not greater than the storage tank 
bottom temperature. Existing TRNSYS modes for 
para" el and seri es auxil i ary heati ng do not model 
this operation. The parallel mode unrealistically 
draws the storage tank down to room temperature, 
thus underestimating the auxil iary energy consump
tion. The series auxiliary heating mode of TRNSYS 
draws the storage tank temperature down until the 
storage can no longer satisfy the building heating 
requirements. It then switches to an auxiliary only 
mode. This is closer to typical control action and 
is used to model the test facility. For identical 
conditions in Madison the TRNSYS parallel auxiliary 
mode used only 9424 MJ of auxil iary energy whil e 
the TRNSYS series auxiliary mode required 11060 MJ 
of auxil i ary energy to meet the January heati ng 
load. 

Table 1 compares energy flows predicted by 
TRNSYS wi th the direct heating and the storage
coupled heating modes run on the test facility. The 
solar energy collected, (QCth), as predicted by the 
test facility simulation Hotte1-Whil1ier-B1iss col-
1 ector model, agrees well with the TRNSYS s imul a
tion for clear days wi th good insolation, although 
in the direct heating mode :the collector loop tends 
to be on for a sl ight1y shorter time. For both 
modes, the pseudoco11ector boil er system del ivers 
slightly less energy (QC) than predicted. This may 
be due to a 1 imi ta ti on in the boil er output con
trol. 

Differences between the TRNSYS s imul ati on and 
the test facil ity di rect and storage strategies 

indicated in Table 1 include: the change in stored 
energy; the load loop piping losses; the load han
dled by solar; and the auxiliary energy. As 
expected, the test facility boost mode of operation 
increases the system performance sl i ghtly by using 
the stored solar energy at slightly lower tempera
tures than the TRNSYS series mode. 

The energy input to the system for the TRNSYS 
and test facility runs, Qin, (energy from the col-
1 ectors, from aux i1 i ary, and from storage) agrees 
very well, as does the energy output, Qout (energy 
to the load and all losses). The overall energy 
balance is quite good for all of the 24 hour runs. 
The only discrepancy of note is the solar contribu- , 
tion to the load which varied an average of abou.t 
10'l.. Parasitic energy for the control valves, .l, .. 

pumps, and fans i.s not accounted for in the TRNSYS fill' 
simul ation. 

Compari son of Storage Coupl ed and Di rect Heati ng 

A series of experiments was conducted using 
both direct heating and storage-coup1 ed heating 
modes using real weather and i nsol ati on data for 
two January days in Madi son, Wi sconsi n. Tabl e 11 
indicates the difference in the performance between 
the two strategies for these two days. Solar coef
fici ent of performace (SCOP) is the rati 0 of the 
sol ar energy util ized by the load to the parasi tic 
energy required to run the solar system. Solar 
fraction is the ratio of the solar energy utilized 
by the load to the total load. As indicated in the 
table, no significant difference exists between the 
control strategies for these days. Both modes of 
test faci 1 i ty opera ti on util fze greater energy from 
storage than predicted by the TRNSYS simulation, as 
indicated by the storage tank temperature change. 
To determi ne long term compari sons, more testi ng 
would be required. 

Table II. Comparison of two-day runs of test facil
i ty for di rect heati ng and storage coupl ed heati ng 
modes for identical building load and meteorologi
cal conditions ( January 18-19 in Madison, Wisc.). 
TRNSYS results are inclUded for comparison. 

Quantity Direct Direct Storage Storage TRlISYS 
Run 7 Run 11 Run 8 Run 12 

QC/QI Collection efficiency 35.5 36.3 37.7 40.3 43.4 

gSOLAR-LOAD 
QI Thermal efficiency 39.0 42.0 42.0 46.1 37.6 

gSOLAR-LOAD 
PARA SCOP 7.3 8.3 7.4 8.8 

gSOLAR-LOAD 
QLOAD SO 1 ar fracti on 45.3 48.7 48.8 53.5 43.4 

AT tank Storage change (OC) -4.8 -6.4 -5.4 -7.2 -1.0 

-2-

Theoretical Studies to Support Experimental Program 

During FY 1980 work was t'rP1eted on modeling 
of collector loop dynamics'. A model of a 
residential building, a fan coil heat-delivery sys
tem, and a bimetal thermostat to simul ate the 
effects of heat input on room air dynamiCS, has 
been applied to examine the building thermal 
behavi or in response to h,at input from an acti ve 
solar space heating system . 

The effects of the variable storage tank tem
perature, of outdoor temperatures, and of fan coil 
sizes on the cyc1 ing rate, on the on-time and off-
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time of a heating cycle, on room air temperature 
swing, and on offset of the average air temperature 
from the setpoint (droop) are determined by com
puter simulation. Heat input is provided directly 
to .the air as, for example, when a heating fan coil 
is turned on. 

For given condi ti,ons of outdoor temperature, 
anticipation, and thermostat setpoints, the storage 
tank. temperature has a direct effect on swing as 
shown in Figure 1. The droop, the offset of aver
age room temperature from the setpoint, also 
depends on the amount of thermostat anticipation 
and on the heat del ivery duty cycl e. The higher 
the storage tank. temperature, the larger is the 
swing in room temperature and the smaller is the 
droop. Results indicate that to maintain room tem
peratures within comfort limits by minimizing both 
swing and droop, a hydronic solar space heating 
system requires a control system that adjusts anti
cipation and setpoints in relation to the outdoor 
and the storage tank. temperatures. Thi swill 
requi re more than a s impl e on-off bimetal thermos
tat. 

INFLUENCE OF STORAGE TEMPERATURE ON SWING 
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Figure ~. ,Solar storage tank. temperatue influences 
room a 1 r temperature swi ng. As the storage tank. 
temperature decreases, the swi ng decreases for a 
given outside temperature. 

Technical Support Activities 

Thi s past year the 1 aboratory has been 
actively i nvol ved in proposal revi ew and contract 
moni tori ng for the Control s El ement of the DOE 
sol ar heati ng and cool i ng R&D program. Activi
ties have included coordination with SERI, conduct
ing project reviews, and reviewing the reports of 
DOE controls contractors. 

TECHNICAL ACCOMPLISHMENTS 

I 

I 

Several two day "typical day" experiments were 
run on the test facil ity using TMY weather 
data. 
Comparison of test facility results shows poor 
agreement with TRNSYS simulation in the paral
lel auxiliary mode, but good agreement, in the 
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series auxil iary mode. The. test facil ity 
operates in a series boost mode. 

I Solar heating system operation with two dif
ferent operating strategies were run: direct 
collector to load heating and storage-coupled 
heating. No significant improvement in system 
performance was found for the di rect heati ng 
strategy. 

I Simulation analysis of the interaction of the 
sol ar heati ng system wi th the buil di ng load 
and thermostat was campl eted and presented. 
The analysis indicates that, using a conven
ti onal room thermostat, 1 arge temperature 
swi ngs can be expected when the storage tank 
is charged to a high temperature. 

FUTURE ACTIVITIES 

The experimental test facil ity work has been 
concl uded. 

REFERENCES 

1. M. L. Warren, S. R. Schiller, and t~. Wahl ig, 
"Experimental ·Test Facility for Evaluation of 
Control s and Control Strategi es," Second 
Annual Systems Simulation and 'Economic 
AnalYSis Conference, January 23-25, 1980, San 
Diego, Calif.; Report LBL-10352, January 1980. 

2. M. L. Warren, S. R. Schiller, and M. Wahlig, 
"Evaluation of Proportional and On/Off Control 
for Solar Collector Loops," Paper 162 (EM-2-
3), Proceedings of the AS of the ISES Annual 
Meeting, June 2-6, 1980, Phoenix,AZ.' 

3. M. L. Warren, S. R. Schiller, and M. Wahl ig, 
"Control s for Sol ar Heati ng and Cool i ng," 
Proceedings of the Annual DOE Active Solar 
Heating and Cooling Contractors' Meeting, 
March 26-28, 1980. 

4. M. Warren, S. Schiller, M. Wahlig, G. Sadler, 
C. Vilmer, and C. Weaver, "Experimental and 
Theoretical Eval ua ti on of Control Strategi es 
for Active Solar Energy Systems," Solar Energy 
Program Annual Report 1980, LBL-1l984, . March 
1981. 

5. S. R. Schiller, M. L. Warren, and M. Wahlig, 
"Dynami c Model i ng and Experimental Simul a ti on 
of Active Sol ar Energy Sy stems," Presented at 
the ASME Winter Annual Meeting, November 16-
21,1980, Chicago, Ill.; ASME-80-WA/Sol-14; 
LBL-10825, July 1980. 

6. S. R. Schiller, M. L. Warren and D. M. Aus-
1 ander, "Compari son of Proporti onal and On/off 
Solar Collector Loop Control Strategies Using 
a Dynamic Collector Model," Transactions of 
the ASME, Journal of Solar Energy Engineering, 
vol. 102, no. 4, November 1980, pp. 256-262. 

7. C. Vilmer, M. L. Warren, and D. Ausl ander, 
"Interaction of Solar Space Heating System 
with the Thermal Behavior of a Building," 
Proceedings of the ASME SSEA Conference, April 
27 - May 1, 1981, Reno, Nev.; Report LBL-
11673, October 1980. 

CONTRACT INFORMATION 

Period of Contract: Begin 7-74, End 9-80. 

FY80 Funds: $220K_ 

Total value of contract: $785K. 

1/. •••• 



1.1 
", 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



..... 
..... . ----' -""-' 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

~ ..... -
.~ "'--iL 


