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The potential of energy saving is documented for the heating system of an office building 
controlled by an adaptive start/stop controller. The influence of the sizing of the heating 
system components is considered. The investigations are carried out by detailed and 
dynamic computer simulations of building and plant. The lieating system components 
are simulated by models developed within the IEA projects Annex 10 and ADJlex 17. A 
detailed building model is used. The transient heat transfer through wails is treated by 
a. Finite Difference Model. The disadvantages of the Gradient Method for the prediction 
of optimal start/stop times, especially, the influence of the structure temperatures of the 
building, are discussed. Optimal start is realized by repeating the simulations several 
times until comfurt temperatures a.re reached on time. It is demonstrated that an 
oversized plant allows to start heating later than a nominal sized plant. Compared to 
continuous heating the energy savings vary between 143 and 173. 
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where Q1 is the energy loss due to heat fiux through the building envelope a.nd Q, 
is the energy ga.in due to solar radiation and intern&! heat gains caused by people, ma
chines and lighting. 11. is the degree of utilization of intern&! and external heat gains 
and ~ is the efficiency of the boiler. The aim of intermittent heating is to minimize 
the energy losses Q1 by keeping comfort conditions oniy during occupation periods. 

Algorithms for the prediction of optimal start/stop are baaed on equations which 
characterize the response of the building rooms during ret~rn from night or weekend 
shut down. Seem et al. (2) have compared seven relationships in which the start time 
is given analytically as a li11:ear, quadratic, or exponential function of the indoor tem
perature or both indoor and outdoor temperature. They show by computer simulation 
that the use of equations relating start times to both the indoor temperature and the 
outdoor temperature are more successful than equations which oniy consider the indoor 
temperature. 

Leimgruber et al. (3) describe the Gradient Method. Although they assume the 
increase of room temperatures at the beginning and the decrease of room temperatures 
after the end of heating to be linear, a large computer memory is required for the aum
merical algorithm. In the following section this method is described only for the case of 
optimal start. (Additional energy saving should be achieved with optimal stop, if fur
thermore, the room temperatures are permitted to be lower than comfort temperature 
before the end of the occupation time.) 

The start gradient for the da.y 0 is defined as 

G,(D) = T',(D) - T'.(D) (2) 
T. -T,,;(D) 

with r, as the time the heating system is started, r, as the time the required 
comfort condition is reached, T. as the required comfort temperature and T,,; as the 
indoor temperature at the time of start. Figure 1 shows the scheme of the Gradient 
Method for optimal start. The optimal start controller consist of a clock, sensors for 
the actual indoor and outdoor temperature, a. memory mainly for the gradient data 
bank, and a processor for the estimation of the start times of the heating plant. When 
the .heating system is shut down ( 1 = 0 ) the processor calculates in small time 
intervals the predicted room temperature TP by using equation 3 for the case that the 
heating system will be just started. If the predicted room temperature is equal to or 
smaller than the required comfort temperature. thau the heat.in~ syst.em is st.acted by 
the controller ( "f = 1 ) and the actual time and indoor/outdoor t.emperatures will be 
memorized. 

(3) 

where T; is the actual indoor temperature. whirh is an etfectire temperature to be 
composed of the a.ir temperature T. and the radiant temperatttre r .. .J as 

1 
T; == 2 · (T. + T, • .J) (4) 
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T .... = i:: "".-1
1 

'1 · T •• 4., 
;=l -1~\. J 

(5) 

For the first days the value of the sta.rt gradient in equation 3 has to be estimated by 
the building operator a.s good as possible. After the comfort temperature is reached, 
the processor calculates the real start gradient for the actual day and stores it to the 
memory. The memory is organized a.s a two dimensional field, in which the value 
of the start gradient is related to the two dimensions indoor temperature and outdoor 
temperature G,-:::: f(T •. ;, T,.0 ) . Frotn the the fifth day on the ~radient ca.n be estimated 
by 3 dimensional linear interpolation as symbolized in Figure 2. 

3. Computer Simulation 

Computer simulation is applied lo evaluate the potential of energy saving for the 
heating system of an office building controlled by an adaptive start/stop controller. The 
investigations a.re carried out by detailed and dynamic computer simula.tion!I of building 
and plant. The used si.mulation "pro~am GERALT is developed at the University of 
Stuttgart (7). lt is designed to allow detailed simulation of dynamic and simultaneous 
interactions among building, HVAC plant and controllers. To ensure a realistic dynamic 
behavior of the building model the transient heat transfer th.rough wails is solved by a. 
Finite Difference Method and the heat and mass balance is considered for every wall 
surface and room a.ir node. 

The HVAC plant should be composed of modules describing plant a.nd controller com· 
ponents. These modules consist of mathematical models mainly developed within the 
IEA projects Annex 10 " System Simulation " and Anne."'!: 1 i '' Building Energy Man
agement Systems ". 

The simulated building a.nd plant a.re complete!}· specified in an Aane::t l i work
ing document (7}. The building is assumed a.s a. set of equal un.its (office rooms) pm 
together in a. symmterica! matrix system with '* floors and 14 rows (see Figure 3). !t 
has a. north-south orientation and the northern rooms are separated from the southern 
ones by common corridors. The heat demand ot the rooms is calculated for • 12°C out
door temperature. The insulation of fasade, roof and ceilin15 is chosen as proposed in a 
germ.an energy saving order (See Table 1 ). Typical internal loads (lighting. equi pment 
and people) of a commercial building are chosen. 

The building should be occupied from 8 am to ,) pm. For ~he evaluation of optimal 
start a northern office room on the third fl.oor is chosen as the re!erence room (room 15). 
Test runs have shown that the northern room on t.he last tl.oor arl' the coldest. rooms. 

The heating system is assumed as a ·• low teruperarnre heatin~ syst.em ·• ( desi,p1 
temperatures i0/60°C ). {t consis ts of liat plate radiators t uomina.I power between 986 
W a.nd 1366 W) in each o( the office rooms wnnolled by •) rdina.ry thermost.atic valves 
(set point temperature 23°C). A modern high P.fficiency boiler is chosen (nominal useful 
power 130 kW). Ne::ct to ~he hoiler a three way mixin:; ,·;11\·p 1:; available to cont.rol the 
supply temperature. The boiler is coMrolled by •) 11 otf •Jp,.nt1 ion of the burner to keep 
the supply temperature as a linear function oi the m.1 1c!oor temµerarnre (80 r.o 20°C 
supply temperature related to · 12 to 20°C outdoor temperature t. The control function 
for the supply temperature of the three way mi::ting va.ive is the same a.s the function 
for the boiler control, but shifted 5 K lower. Bypass valves in each vertical coulumn 
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provide a better hydraulic behaviour of the system. Only the two middle sections of the 
whole building are simulated. Figure 4 shows the scheme of the beating plant for the 
section to be simulated. 

The period of 4 weeks from February 1st to 28th is simulated, using the meteo
rological data of the german test reference year (8). This month represents a heating 
period with a very wide range of outdoor temperatures (see Figure 5 ). 

At the beginning of the investigations optimal start/stop control was realized by 
introducing a controller module, in which a control algorithm. based on the Gradient 
Method described in chapter 2, was implemented. But the simulation results show that 
the method does not provide the best forecasts. Figure 6 gives an example for the pre
dicted start times and the times at which the comfort temperature of 20°C is reached 
at the required time 7 &m on each day. It c&n be seen that even after 3 month tlie 
algorithm is not always succ;essful. 

To find out the reason of the bad estimations, which the algorithm had made, ilnd 
to evaluate the maximum potential of energy saving by adaptive start/stop controllers 
it was decided to realize the simulation of optimal start by iteration: 

The simulations are repeated several times, until comfort temperature is reached 
every day on time at 1 am (one hour before the occupants return) in the reference room 
15. After each simulation run these values are corrected by looking at the plots for the 
temperature in the reference room. After 4 to 6 repetitions the optimal start times are 
found. 

The simulations are carried out on a. CRAY2 computer using a time step of 300 
seconds. The simulation run time for the whole period of 4 weeks takes a.bout 10 min· 
utes ( 10 minutes elapsed time, 2.5 minutes cpu time). Most of this time is needed to 
compute mass balance and pressure drop in the hydronic network ( 703 ). The res' of 
the time is shared between the building and the beating system components for heat 
transfer calculations. 

4. Sizing of the Heating System Components 

The influence of the. sizing of the beating system components is shown by the 
combination of 4 sizes of boilers (see Table 2) and two sizes of radiators (1003 and 
2003 nominal performance). Furthermore, in combination with thermostatic valves 
the big radiators cause higher level of the room temperatures. This provides higher 
transmission losses of the building. To investigate this influence, a. special case with 1 K 
reduced set point temperature of the thermostatic valves is simulated for the oversized 
plant (2003 radiator and 2003 boiler power). 

5. Results and Discussion 

Figure i shows the room temperatures of the reference room in the ca.se of nominal 
sized boiler and radiators. The room temperature is composed of the air temperature 
and the radiant temperatures as described in equat.ion ( 4) amt ( .5 ). Figure 3 shows the 
room temperatures for the big plant. with WO '7r. oversized boiler and radiators. H can 
be seen that the larger plant allows t.o st.art the ht-nring system lat.t-r t.han the nominal 
plant. 

The total energy consumptions for all simulated cases is given in Figure 9 and 
Table 2. There are only small differences in the network useful energy between the 
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various boilers, if optimal start is a.ppiied. Furthermore. the oversizing of the radiators 
leads to higher energy consumtions ca.used by h.igher :oom temperatures. For both 
control modes the consumption falls, if the set point temperature of the thermostatic 
valves is reduced 1 K . 

In Figure 10 the energy saving of optimal start, if compared with continuou3 
heating, is shown. The energy saving is defined as to be for the same boiler a.nd radiator 
sizing the quotient oi the total energy consumption with optimal start comrol to the 
total energy consumption when the heating sy5tem runs continuou3.ly. It ca.n be seen, 
that the energy savings vary between 14.53 and li .63 for the boiler fuel consumption, 
&11d 143 and 17.33 for the network useful energy. Furthermore, due to the higher energy 
consumption in the case of over5ized radiators, the energy saving i3 a.bout 23 lower 
th.an the case of nominal sized radiators. It is frequently discussed that the over.rimig 
of the heating system is done especially to introduce intermittent heatin~. U1 th.is case 
all results of the optimal start cases should be rela.1ed to the result ior the heating 
system with nominal sized (1003) radiator and boiler in the continuous case. Then the 
mu.imum value of Cue! saving will be 19.63 (See Table 2, ca.se i: 2003 oversized boiler 
a.nd radiators, set point tem-perature of thermostatic plants 1 K reduced). 

Furthermore, it can be demonstrated that if the Gradient Method is applied for 
the prediction of optimal start times, the influence of the structure temperatures should 
not be neglected. With.in the Gradient Method the structure temperatures are not 
considered directly. They are weakly represented by the radiant temperatures (see 
Equation (5)). The optimal start times, found by the repetition of the simulations, 
and the daily indoor temperatures a.t the moment of start can be used to calculate the 
daily gradients of start by using equation 2. These \'alues are plotted by relating them 
to thei r indoor / outdoor temperatures in a 3 dimensional field . The result is shown in 
the right pa.rt of Figure ll. The Finite Difference :Vlethod for the modellin~ oi the 
building allows to investigate the layer temperatures in all wa.lls, too. By using the 
layer temperatures as an indication, the irregular peaks in the right pa.rt of Figure 11 
ca.n be identified as the gradients of those days, on \vhich the outdoor temperatures 
have retmned from a cold season back to warmer days. but the building sm1cture is 
still "cold". [f the gradients of these days are not considered in the plot, the picture of a 
much smoother plane will be achieved (see Figure 11 leit put . The Gradient Method 
with only two dependences ( G, = f(T •. ,, T,.0 ) ) will not provide good forecasts, if the 
effect mentioned above is neglected. With.in the Gradient )ifetbod the thermal inertia of 
the builcling should be considered in a better way. A possible solution ·.Vould be to equip 
the optimal start / stop system with an additio~al s~nsor which measures the structUre 
temperature in a suitable location. Then 1 he . • ly ·~radiems should be stored in a 
three dimensional field G, = /(1',.1 , T,.0 , T,.,uw,,. J • T he <1isadva11ta~e of his method 
would be the long installation Liml' of the conirollt>r . in ·::h 1~h rite empty sections oi a 
3-dimensiooal memory matr ix have to be cha·:l)erl. .-\110 1 h<'r ·.vay would l>e o permh 
optimal start/stop on days only on which the outdoor Plll l)Pra ure is not too colrl. and 
to heat the l>uilding continuously on e."tt rem.i 1· ·•il d •l;w •. Tl11 · ·.1·011lci keep 1 he avt"ra15e 
temperature of tile buildiu15 strucrnre in ~ ~ u ult r a.uc: ~ l lll µrodde sim.ihar ~ uermal 
response on different cold days. 
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5. Conclusion 

For the application of optimal stari/stop controllers in buildings with b.ydronic 
heating systems the disadvantages of the Gradient Method for the prediction of opti
mal start times a.nd the iniiuence of sizing on intermittent heating are discussed. The 
Gradient Method cannot provide good forecasts, if the inil.uence of the structure tem
peratures on the dynamic behavior of the building is neglected. By computer simulation 
it is proved that a.n oversized plant allows to start heating later than a. nominal sized 
plant. Compared to continuous heating the energy savings for intermittent heating with 
optimal start vary between 143 and 173 for the given ex.ample . 
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Table l : 
Thermal data of 1'ui1din~ structure 

SECTION coosmucrroN d ~ c i m '..//(mi<.) k.J/ ( kgr<) kg/ml FLOOR TO PAVEMENT a.aJ a.87 1 .as 18aa 
CELLAR CONCRETE a, 12 I ,JS 1 ,as 2aaa fNSULATrON o.a8 O,J4 1 ,38 sa FLOOR ANO PAVEMENT 0,03 0,37 1 .os 1800 
CEIUNG CONC.~ETE 0, I 2 I, OS 1 .as 2000 EXTERNAL WALLS ASBESTOS CEMENT 0,03 o • .is 1 ,OS 1300 fNSULATiON a,os 0,J.:1 1 ,38 so CONCRETE 0, I 0 1 .as 1 .os 2000 INTERNAL 'WALLS GAS.CONCRETE 

a' 12 0 ,40 1 ,as 1200 ROOF 
BALLASTING 0,04 0,SB 0,89 1800 INSULATION a,08 o,o: 1 ,88 200 CONCRETE a,20 1 .as 1 ,OS 2000 

Table 2: Boiler data based on the german induscry standard r a) 

sizing(%) 
75 100 150 '.WO 

nominal useful power (kW/ 98 130 l!J5 260 standby loss [W/ 
600 140 1010 1260 full load efficiency [%] 
91.44 91.SI 91..5!) 91.64 

• 
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Figure 5 : Outdoor temperatures based on the german test reierence year TRY05, 
January 1st co Maren 31th (8) 
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Ta.ble 3: Total energy consumption, February 1st to 28th 

(LS : set point temperature of thermostatic valves 1 K redu.:e<l) 

continuous case : 

simulation case 

boiler sizing 
radiator sizin~ 

boiler consumption (1010 JI 

boiler heat output (1010 Jj 

boiler efficiency {%! 

network useful heat !1010 JJ 

distribution efficiency [%! 

optimal start case : 

simulation case 

boiler sizing 
radiator sizing 

boiler consumption [1010 JI 

boiler heat output [1010 Jj 

boiler efficiency [%] 

l 

i5 
100 

16.14 t 

14.S9 

92.28 

14.46 

I 9i.l3 

l 
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100 

13.SO 
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Fii,;ure 11 ; 

Dependences of the start gradient ( G, = f(T, ,;, T,,0 ) ) ; left side: the gradients of 
the days . on which the outdoor temperatures have rP.turned from a cold season 
back to wanner days <U"e not considered; right side: the gradient of all days <U"e 
considered 



662 

Madjidi/9 

HAVES Ph. (UK) 

Can you comment 
data for use 
controller ? 
your test ? 

ANSWER : 

DISCUSSION 

on the criteria for the selection of weather 
in evaluating adaptive optimum start/stop 

How did you select the weather data used in 

Artificial weather data, whi'ch may be combinations of 
different real data, could be helpful if the evaluation of 
adaptive controllers was the point of interest . But we think 
that there are still some efforts necessary to introduce 
rules how the data should be chosen and how the combination 
has to be done. 

In order to get simulation results as soon as possible, 
available weather data were chosen for this study. The 
selected weather period includes few "cold days" (e.g . -16 
C) distributed between rather "warm seasons" (0 to 8 CJ. 
This irregularity was our only criterion for t he selection 
of weather data and we discovered that it made our optim.al 
start algorithm busy enough during the simulation. 

Although the two-dimensional gradient method (with a memory 
matrix for measured gradients) is not adaptive ( in the 
classical sense of the control theory), it gives the 
supervisory controller the ability of self learning. We 
think that our simulations already give us a qui te good 
picture on the abilities (or disabilities) with this kind of 
'"adaption". 

LARET L. (France) 

If you oversize the heating sy~tem, you increase the closed 
loop gain during regulation periods (constant comfort inside 
temperature for occupancy periods) . When rather good 
thermostatic valves are used, the gain may be so high that 
instabili ties (oscillations ) can be reached. I observed this 
behaviour, did you observe it too ? 

ANSWER : 

No, we didn't observe this effect in the presented studies. 
But the effect you describe happens, if the thermostatic 
valve~ are forced to close on warm days or during periods 
with high internal gains. 
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VISIER J . C. (France) 

Did you take into account the difference of behaviour 
between short unoccupancy periods (night) and long (week
end) ones ? The behaviour of the building will be quite 
different for these two types of periods. 

ANSWER : 

We agree with you, if the adaptation quality of the optimal 
start controller is the main point of interest, the "weekend 
effect" should be taken into account. 

Bigger energy savings but also additional problems with the 
optimal start controller are expected, if weekend shut down 
is considered. 

But to find out the influence of component sizing on the 
energy saving potential of intermittent heating, we think 
that there is no need to introduce weekends in the 
simulations. The tendency of the evolution of the energy 
consumption for different plant sizes can be also shown with 
simplified assumptions according to the occupation time 
schedule, internal loads and weather period. 

LOVEDAY D.L. (UK) 

Regarding replacing a correctly sized boiler + optimum start 
controller with an oversized boiler and "cheap" on / off 
controller, have you any estimates of the cost effectiveness 
of this approach ? 

ANSWER : 

No. But we are not going to recommend oversizing the heating 
systems. We only conclude : if the heating system is already 
oversized then there may be no need to use a controller 
which optimizes the daily start 'times. Certainly there are 
no further costs for the optimal start function in an 
already installed BEMS. 

SOWELL E.F. (USA) 

Perhaps the invariability of start time for oversized 
equipment is because the limiting factor is the rate at 
which building mass can absorb energy. If this is so, your 
results will be sensitive to room treatment, e.g., carpets 
and false ceilings, do you plan to investigate these factors? 
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ANSWER : 

For this study the heat input to rooms is almost convective. 
Radiators with higher radiative heat emission would change 
the thermal response ot the room. Similar effects can be 
shown if we change the structure of walls, ceiling, etc . But 
we are not going to extend our studies with inves tigations 
on this research field. 

JIANG Y. (China) 

1. The mean temperature with a 200% oversizing is higher 
than that of the normal size boiler with 8 radiators. 
How can the energy of the oversized system be saved by 
14\ ~ 17' ? 

2. Have you considered the operating cost of pumps in the 
oversized system when you give the data of energy saved? 

3. To save energy a good controller is needed even when 
oversizing the boiler because during the daytime the 
room temperature should be controlled just at the demand 
point. With a simple controller on an oversized boiler, 
it will hardly be achieved. 

ANSWER : 

1. We compare the energy consumption obtained by optimal 
start heating with the energy consumption obtained by 
continuous heating always for the same plant size. 

2. No, because the savings in electricity are negligible 
when compared to the savings in fuel. 

3. For comparing different systems, the same comfort 
conditions in the rooms should be achieved. If 
thermostatic valves are used, the s i ze of the radiators 
and the supply temperature change the room temperature 
level. Therefore the set points o f the valves have to be 
adapted. 

WALLENBORG A. (Sweden) 

It may not be relevant to compare the cost of oversizing the 
boiler/radiators to the extra cos t of an optimal start / stop 
controller, since optimal start/stop control is a standard 
function in many modern BMS systems, and does not 
necessarily add extra cost to the system. 

ANSWER : 

We don't compare the cost of oversizing with the extra cost 
of an optimal start/stop controller. Certainly there are no 
further costs for the optimal start function in an already 
installed BEMS. 
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MUERAU J. (Germany) 

Assumption room schedules for the entire building are 
identical. Therefore, the figures showing relations between 
go ON/OFF VS OSS control have to be modified if you consider 
individual room schedules, specifically by using commonly 
installed load demand requests to the HVAC system. 

ANSWER : 

Yes. The energy saving also depends on the occupation period 
of the building. As an example, the tendency of the 
evolution of the energy consumption for different plant 
sizes is only shown for one time schedule (7 am to 5 pm). 

KOHONEN R. (Finland) 

our experience is that oversizing of the heating system 
influences on the room air temperature distribution and on 
the "timing-error" but not very much on energy 
consumption/savings. 

I 
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