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Abstract

A considerable future increase in the global energy use
is expected, and the effects of energy conversion on the
climate are already observed. Future energy conversion
should thus be based on resources that have negligible cli-
mate effects; solar energy is perhaps the most important of
such resources.

The presented work builds on a previous complete model
for solar heating of a house; here the aim to introduce ven-
tilation heat recovery and improve on the hot water storage
model. Ventilation heat recovery reduces the heat loss due
to ventilation, as expected. Here, a recovery efficiency of
0.5 is used, although a more realistic number is perhaps 0.7.
The improved hot water storage model increases the exergy
of the storage tank by assuming a vertical temperature dis-
tribution. Further improvements are possible by introducing
a simple thermocline tracking algorithm, effectively allow-
ing for variable volumes of the temperature zones in the hot
water storage tank. Currently, the model does not allow for
very good temperature control; this is due to a lack of free-
dom in the control inputs.

Keywords: Solar heating, Building models, Model effi-
ciency, Control.

1 Introduction

The observed increase of greenhouse gases in the at-
mosphere in tandem with an increase in global temperature,
has led to a concern about the temperature development for
the rest of the century with the possible consequence of in-
creased ocean level, more violent weather, etc. To counter
these predictions, there is an emphasis on reducing the use
of fossil fuel and thereby stop the increase in CO4 level of
the atmosphere.

Solar energy is a freely available alternative to fossil en-
ergy. One possible way to utilize solar energy is to capture
the irradiance in a solar collector, and store the energy by
heating up water in a storage tank. Such hot water can be
used for heating, for showering, etc. The intermittent na-
ture of irradiance is partially handled by such storage of
energy, but it is usually necessary to combine solar energy
with auxiliary forms such as electricity or fossil fuel to en-
sure sufficient availability of power. Because of fluctuations
in energy prices (spot marked), it may be possible to take
advantage of predictions of irradiance to reduce the energy
bill: if we know that tomorrow will be sunny, we can re-
duce the heating by electricity or fossil fuel — or at least
make sure that we use such auxiliary forms when their cost
is low.

The complexity level of models for solar heating of build-
ings range from simple models for energy planning over
decades to detailed studies of the individual components in
such systems. Of particular interest is the study of mod-
els suitable for on-line use. For large scale solar collec-
tor plants, concentrated solar power systems are used [18],
while for domestic heating, flat plate solar collectors or
evacuated collectors are cheaper. Here, we focus on do-
mestic heating. The fitting of an industry standard flat plate
solar collector model to experimental data is discussed in
[12], while [21] and [20] discuss more complex models for
transient studies. Both [5] and [7] give useful background
in solar radiation and design of such collectors. Models of
storage tanks are discussed e.g. in [7], see also [8], [2],
and [19]. Software libraries with detailed building mod-
els are available, but for control studies, the discussion in
[15], [16] is particularly relevant. Disturbances are impor-
tant in building models. Domestic hot water load profiles
are treated in [11]; seasonal variations and optimization is
important for design [6] and [9]. Variation in solar irradi-
ance and ambient temperature are typically measured; see
e.g. [7]; day to day prediction of solar irradiance is treated
in [1]. In [13], a relatively complete model structure for on-
line use is given. With respect to on-line use of models, [4]
use a simple model of a building together with prediction
of outdoor temperature and varying electric spot prices to
study possibilities for cost savings through advanced con-
trol, with emphasis on efficient algorithms, while [10], [17]
and [14] discuss the use of Model Predictive Control of a
system for thermal capturing of solar energy with auxiliary

energy supply.

Although relatively complete in structure, the model in
[13] has a number of limitations. (i) Heat integration during
ventilation is not included, and heat loss through ventilation
is of major importance, (ii) the water storage model is ho-
mogeneous in temperature; real storage tanks may exhibit
a large spatial variation in temperature, (iii) heat transfer is
computed using fixed numbers, but heat transfer varies with
fluid flow, (iv) variation in fluid flow rates is not included,
(v) the solar collector model is static. It is of interest to
improve on the model in [13]; in this paper, points (i) and
(i1) above are addressed. Stratification is known to occur in
hot water tanks. In [19], a plug flow model modified with
thermal diffusion is used to approximate this effect; a very
high order discretized model (600 states) is used as a refer-
ence model, and a lower order model with some 60 states
and adaptive thermocline front tracking is proposed. The
results do, however, indicate that for a storage tank with
indirect heating via a heat exchanger, a low order model,
possibly with thermocline front tracking, may suffice. It
is quite common to approximate the storage tank with 2—3
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Figure 1: Blue font indicates disturbance variable, while
green font indicates control variable. Heat losses are due
to temperature differences to ambient temperatures. The
storage tank is assumed to be instantly re-filled with cold
make-up water, which may have a varying temperature.

well mixed, fixed size tanks.'

The paper is organized as follows. First, a description
of the system with solar heating, storage tank and building
is given, with some background information. Next, simple
modifications of the unit models for the storage tank and
the ventilation system are presented and discussed. Then
the modified full model is given, and simulation results are
given. Finally, some conclusions are drawn.

2 System description

2.1 System elements

The system for mixed solar and electric (auxiliary) heating
of a domestic building as reported in [13], is depicted in
Figure 1. The reason for introducing heat exchangers to
separate the fluids of the collector circuit and the heating
circuit from the utility hot water of the storage tank (“indi-
rect heating”), is to allow for use of anti freeze and algae
reducing components in these circuits. The reported model
in [13] had a number of deficiencies, and here an improved
description of the ventilation system and the storage tank
will be introduced.

A simple improvement of the ventilation system could
be to introduce an energy recovery efficiency 7,,. A storage
tank with heat exchangers is depicted in Figure 2, and is
modified to include stratification in comparison with [13].
The water in the storage tank consists of a cold zone of
more or less homogeneous temperature at the bottom sep-
arated by a thermocline (large temperature gradient) from
the hot zone of more or less homogeneous temperature at
the top. This is an improvement compared to the storage
tank in [13] where the storage tank was assumed to be per-
fectly well mixed. It is still assumed that the tube side tem-
perature is constant throughout, i.e. that the collector fluid
has homogeneous temperature throughout the tube side and
that the floor fluid has homogeneous temperature through-
out the tube side. The auxiliary heating has, however, been
modified so that it only operates in the hot zone.

Suggested in personal communication by U. Eicker.
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Figure 2: Sketch of storage tank, including thermocline
which separates the cold zone (bottom; blue color) and the
hot zone (top; red color).
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Figure 3: Functional description of the solar heating system
with auxiliary heating input.

2.2 Functional description

From a system theoretic point of view, it is useful to present
the system as a block diagram with inputs and outputs —
inputs and outputs will vary with time; Figure 3  illustrates
this causal relationship with disturbances on the top of the
block, control inputs (manipulating inputs) at the left side,
while performance outputs (orange) are shown on the right
side of the system block and available sensor signals (red)
at the bottom of the block. This functional description is the
same as in [13], and is unaffected by the modification of the
ventilation system and the storage tank.

3 Unit models

3.1 Storage tank thermal energy balance

A thermocline as indicated in Fig. 2 is the result of density
variations wrt. temperature, and buoyancy effects thereof.
In general, such a thermal stratification is complex, and re-
quires a description involving mass, momentum and energy
balances in 3D. For on-line use, a common simplification
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Figure 4: Principle layout of storage tank.

is to assume that the feed/exit diffusers are constructed so
that 1D models are reasonably accurate, and neglect the mo-
mentum balance. Furthermore, it is common to assume the
density is constant. This leads to a 1D energy balance, [19].
In the sequel, if quantity ¢ is an extensive quantity, ¢ de-
notes the flow rate of ¢. Furthermore, for a general quantity
g, q' denotes the quantity per length unit, ¢’ denotes the
quantity per unit area (length squared), etc. Figure 4 illus-
trates the principle layout of the storage tank, with stored
water (“shell side” of heat exchanger), subscript w, in heat
exchange with fluid (“tube side”), subscript f.

3.2 Storage tank distributed model

In Fig. 4, a 1D distribution of the temperature in the verti-
cal direction (x € [0, H]) is indicated, with discretization

and initial conditions given by T}, (t = 0, ), Q" (t = 0, z)
and Tt (t = 0, ). If the tube side fluid is cold, we need to
reverse the tube side fluid and replace riv¢ with —rhg, with
boundary condition at z = 0; Tt (¢, = 0) = T} ;.

By assuming steady operation, the model simplifies to

Q! ThwCpw 2y UAly
* = — =W (T, — T,
dx kwAw QW + waw ( f W)
1 .
+A7WQ'/&11X (8)
dTy, 1 .,
rw 9
dx ky Quw ©)
dT; UA
i UAlow (10)
dz Ty Mg Cpt
with
Qe = O (11
Tw,m:O = Tw,i (12)
Tf,;c:xw = Tf,i- (13)

The model in Egs. 1-3 can be discretized in space by
reversing the Az — 0 limit.

3.3 Storage tank concentrated model

Next, introduce the hypothesis that the tube side fluid tem-
perature T varies little through the coil, while the shell side
water temperature 7, is more or less homogeneous in the
region [0, Z,ux) and is different but more or less homoge-
neous within the region [Z,ux, ). This hypothesis leads to
a concentrated model

into well mixed slices of height Az. The well mixed vol- dTw e _ Mhw Cpw (Twi — T t)
ume of water in the interval x € [x1,z1 + Ax] is indicated dt MMy S35 .
by V.27, while the well mixed volume of the heat exchang- UA|,,,, Zaux
ing fluid in the same z interval is indicated by V;A%. The # (Tt — Tw.e) (14)
cross sectional area of the water tank, orthogonal to the x Mw 2, Cpw
axis, is A,,. For the tube side of the heat exchanger coil, dlwn  _ MhwCpw (T — Toou)
an equivalent cross sectional area is A{" defined such that dt My, P Baux g e o
VAT = Af'Aa. UA|,,, Ze=Eaux
By letting Az — 0, the complete model with a tube side EW_z (Tt — Twou)
hot fluid can be summarized as My =2 Cpw
. 1 .
My Cpw 8Tw . ~ a,I’w : + aux 15
xwp o wGwgn + Qv L Y Qo (15)
: Q! dfy  _ 7halpr Te. — T
. T, UA|,,, Lo
- —ky w 2 2w @y T T
QL - @) e (T = T
myCpi 0T} I T Tany
= = it 3 UAly,
2y Ot e ©) ! (Tt — Ty). (16)
mgCpf
where
Q, _ UA|f2w (Tr = Ty) @) with initial states T, ¢, T\, and T} given at zero time.
f2w Tw v By assuming steady operation, the concentrated model
with boundary conditions reduces to linear equations, and can easily be reformulated
into the matrix form
Ty (t,z =0 Twi (5) ..
' ( _ ) _ 7 Tw,@ mllepWTw,i
Cultz=ay) = 0 © M{ Tow | =] Qu (17)
Tk (t; T = {EW) = Tf,i’ (7) Tt eCpe ¥ 5
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Table 1: Nominal parameters for storage tanke of solar heat-

Table 2: Nominal operating conditions for storage tank. i,
is the Heaviside function.

ing system.
Parameter Value Unit
Aw x2 m?
wr2d
A?q " f m2
Cpt 3.5 =
o e
ko 0.6 x 1073 ;iﬁ
ff 30 m
My 60 - Npers kg
Npers 2 -
Tp 2 x1073
Stow 277y - U m?
Upw 0.25 LN
Taux 32y m
Ty B B m
P
Py 1060 kg/m?
Pu 10° kg/m?
Ow Stow m
where the elements of matrix M are:
. ~ xaux
M11 = MhwCpw + UA|f2W - (18)
My = 0 (19)
Taux
Mz = — UA\f2W ;— 20)
M21 - _mhwépw (21)
. ~ Tw — Taux
M22 = MhwCpw + UA|f2W - (22)
Tw — LTaux
Mys = —UA|y, — (23)
Taux
Mz = —UAly, xiu 24)
Tw — LTaux
Msy = —UA|y, T 25)
. N zaux
M33 =  MgCpf + UA|f2W T (26)

w

4 Storage tank simulation

4.1 Parameters and operating conditions

Examples of parameter values for the storage tank are given
in Table 1.
Examples of operating conditions are given in Table 2.
In Table 2, T¢ is the temperature of the concentrated
model.

4.2 Steady operation

The two point boundary value steady models are solved us-
ing routine bvp4c in MATLAB of The MathWorks.? Fig-
ure 5 illustrates the steady temperatures in the storage tank
(T%) and the tube side of the heat exchanger (7t) when
Qaux = 2kW.

2See www.mathworks . com.

Quantity Value Unit
UL 2;6;)(())3 kg/s
T:nhw m pers kg/S
Qaux QIU’CEaux kW
1 Qaux kW
aux Tw —Taux m
Tes 70 °C
Ty 10 °C
T (t =0, :C) Tf7i °C
T.(t=0)  Tp °C
T, (t=0,2) Tu °C
Twe(t=0) Ty °C
Twu(t=0) Tu; °C

Steady storege taak: g — 100 (kg/d], thy = 2000 [lg/le]
80 2 80
E - E 60
£ ; — T, h=0 2 E
5 sofff | T, kg =0.0008 [kW/(m.K)] E aoff
; Rt oty ¢
T e 0 W/ () ;

------- et 4 W/ (mK)]
T,,, conc.

Steady storage tank: tha = 100 [kg/d], thy = 2000 [kg/br]

=0
....... 7}',&, =0.0018 [kW/(m.K)]
— = =T}, conc.

—T, ki = 0 [kW/(m.K)]
....... Ty, b = 0.0018 [kW/(m.K)]

Ty, cone.

o 0.1 0.2 03 0.4 05 o 0.1 0.2 0.3 0.4 05
Position z [m] Position z [m]

Steady storage tank: tiwe = 300 [ke/d], riy = 2000 [ke/hr]

80
Al
13
1
T k=0
....... Ty, by =0.0006 W/ (m.K)| E
RS

=0 [kW/(m.K)|
------- T, ko = 0.0008 [kW/(m.K)]

Stendy storage tank: s =100 [ke/d], iy = 200 [leg/br]

—— T o =0 W/ (X))
------- Ty by = 0.0006 [kW/(mK)]

Ty, conc. Ty, conc.

) 0.1 02 03 04 05 0 01 02 03 04 05
Position z [m] Position 7 [m]

Figure 5: Steady temperatures in storage system: 7Ty, (blue,
concentrated: green) and 7} (distributed: red, concentrated:
magenta); without diffusion (solid) and with diffusion (dot-
ted). Auxiliary heat Qaux = 2kW. Subplot (1,1): nominal
case; subplot (1, 2): tripled diffusion coefficient k., ; subplot
(2,1): tripled hot water consumption 77y, ; subplot (2,2):
10% tube side flow 7is.
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Figure 6: Details of steady tube side temperature 7t (distrib-
uted: red, concentrated: magenta); without diffusion (solid)
and with diffusion (dotted). Auxiliary heat Quuyx = 2kW.
Subplot (1,1): nominal case; subplot (1,2): tripled diffu-
sion coefficient k., ; subplot (2, 1): tripled hot water con-
sumption 7,y ; subplot (2,2): 10% tube side flow 7.

Figure 6 gives a more detailed view of the tube side tem-
perature with and without diffusion, with Q,ux = 2kW.

The results in plot (1,1) of Figure 5 seem to indicate
that the nominal storage tank system with volume given by
x € [0, Zaux) is relatively well mixed — except perhaps for
a small region near z = 0, and that the nominal system and
volume given by & € [Zaux, T+ ] is relatively well mixed. In
other words: it may be possible to simplify the model into a
two compartment model. Likewise, the tube side seems to
have a relatively constant temperature throughout, leading
to a third compartment. However, if the heat diffusion is im-
portant (plot (1, 2) in the figures), or the hot water consump-
tion 1,y increases dramatically (plot (2, 1) in the figures),
or the flow rate ¢ of the hot water fluid decreases dramat-
ically (plot (2,2)), then such a coarse three compartment
model is probably too simple. It should be remembered that
these conclusions are based on a steady model. It remains
to see whether the inertia of the system can be captured by
a coarse three compartment model.

4.3 Transient operation

The dynamic models are solved using the solver odel5s
in MATLAB of The MathWorks.®> Solving the discretized
dynamic model with N = 50 slices and for the nominal
conditions, leads to the results in Figs. 7-8.

Comparisons of the transients of the distributed model
with the concentrated model are given Figs. 9—10.

If we reduce the tube fluid flow rate 72 to 10% of the
nominal value, the results are as in Figs. 11-12.

Finally, it is of interest how changing various quantities
affect the system when the system starts from steady state.
Figures 13—14 show the effect of a 10 °C drop in T} ; when
starting from nomial steady state.

Changes in other inputs show minor response and rela-
tively similar response in the distributed model and the con-
centrated model, except for changes in my, where the re-

3See www.mathworks . com.

Storage tank water temperature
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Figure 7: Transient temperature distribution Ty,; N = 50.
Conditions as in Figs. 5-6, subplot (1, 1).

Tube side fluid temperature
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®

Temperature Ty [C]
0
()

[Sd
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Figure 8: Transient temperature distribution 7¢; N = 50.
Conditions as in Figs. 5-6, subplot (1, 1).

Transient storage tank water temperature -
T T T

0 Tu(z=0)
X Tulo=2v)
T

Ton

Figure 9: Transient storage tank water temperature distribu-
tion (solid black), with indications of inlet temperature 7 ;
(circle, blue) and outlet temperature Ty, (z = 2, ) (X, blue),
as well as lower concentrated temperature T, , (dash-dot,
green) and upper concentrated temperature T, ,, (dashed,
green). Conditions as in Figs. 5-6, subplot (1,1).
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Transient tube side fluid temperature -
T T

O Tiz=20)
x

Figure 10: Transient tube side fluid temperature distribution
(solid black), with indications of inlet temperature 7} ; (cir-
cle, red) and outlet temperature 7% (x = 0) (x, red), as well
as concentrated model temperature 7¢ (dashed, magenta).
Conditions as in Figs. 5-6, subplot (1, 1).

Transient storage tank water temperature

O Tu(z=0)
X Tu(z=z,)
e
T

Figure 11: Transient storage tank water temperature dis-
tribution (solid black), with indications of inlet tempera-
ture T}, ; (circle, blue) and outlet temperature Ty, (z = xy)
(x, blue), as well as lower concentrated temperature T}, ¢
(dash-dot, green) and upper concentrated temperature T\, ,,
(dashed, green). Conditions as in Figs. 5-6, subplot (2, 2).

Transient tube side fluid temperature -
T T

time 8 ]

Figure 12: Transient tube side fluid temperature distribution
(solid black), with indications of inlet temperature T ; (cir-
cle, red) and outlet temperature Tt (x = 0) (x, red), as well
as concentrated model temperature 7¢ (dashed, magenta).
Conditions as in Figs. 5-6, subplot (2, 2).

Transient storage tank water temperature
T T T

0 Tu(z=0)
X Tule=ze)
T

T

Figure 13: Transient storage tank water temperature dis-
tribution (solid black), when starting from nominal steady
state, and experiencing a 10°C drop in inlet tempera-
ture Ty, ;. Response in outlet temperature Ty, (x = Zy)

(x, blue), as well as upper concentrated temperature T, ,,
(dashed, green).

Transient tube side fluid temperature -
T T T

52&_ |
T}E

==e==—=w———x———w——uw—— ; T,=0)
— =~ oane,

. . . \

0 0.5 1 15 25 3 35 4

2
time ¢ [hr]

Figure 14: Transient tube side fluid temperature distribu-
tion (solid black), when starting from nominal steady state,
and experiencing a 10 °C drop in inlet temperature 7% ;. Re-
sponse in inlet temperature 7% ; (circle, red) and outlet tem-
perature 77 (z = 0) (x, red), as well as concentrated model
temperature 7 (dashed, magenta).
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Transient storage tank water temperature -
T T

8o \

Figure 15: Transient storage tank water temperature dis-
tribution (solid black), when starting from nominal steady
state, and experiencing a doubling of the hot water mass
flow 7hpy. Response in outlet temperature Ty (¢ = 2y )
(x, blue), as well as upper concentrated temperature T\, ,,
(dashed, green).

sponse in Ty, ( = Zy) is minor for the distributed model
and relatively pronounced for the concentrated model, Fig.
15.

4.4 Comparing models

In [19], a simple model of a water storage tank with strati-
fication is discussed, and an adaptive algorithm for tracking
the thermocline is developed. Tracking of the thermocline
is particularly important for the case of recirculating the
heated water into the bottom of the storage tank. However,
when the energy in the heated water is transferred through
a heat exchanger, as discussed in this work, the thermocline
will be much less pronounced.

With a heat exchanger, and in steady operation, Figure
6 indicates that assumptions of constant storage tank water
temperature below the auxiliary heating region as well as a
different and constant temperature in the auxiliary heating
region, and constant tube fluid temperature throughout may
be reasonably good for most conditions — except for (un-
realistically) low flow rate for the tube fluid. Figures 8§-10
indicate that under nominal conditions, the reduced order 3
state model captures both the steady state conditions and the
inertia of the system reasonably well. However, in the case
of low flow rate for the tube fluid, the reduced order model
has too slow dynamics for the storage tank effluent temper-
ature. Figures 13—15 indicate that for most input changes,
the concentrated 3 state model is reasonably good, except
for at capturing the outlet temperature for changes in the
hot water flow rate 771}, .

The plots of the transients of the fluid temperature 7%,
Figs. 8, 10 and 12 do indicate the presence of some fast
dynamics and thus a stiff system, and it is probably possible
to reduce the order of the model. This possibility is not
pursued here, though, and the reduced order model is used
as is in the system simulations.

S System simulation

5.1 Improved storage tank model

With reference to [13], the original storage tank description
had states T,, Tcx and Tt denoting well mixed storage tank
water temperature, collector heat exchanger fluid tempera-
ture, and floor heating heat exchanger fluid, respectively. In
the improved storage tank model, based on the concentrated
model in Egs. 14-16, will have states Ty, ¢, Ty u, Tex and
T}« For the collector fluid in the heat exchanger:

chx o mc
At Mex

. UA‘CXQW % (T
cx

MexCpex

(Tc - Tcx)

- TW,@)

Tw —Taux
cx2w Ty

UA

(TCX - Tw,u) )

mcxép,cx
for the floor fluid in heat exchanger:

deX ﬁ (

dt Mgk
UAlgeoy, 52
_w (fo _ Tw,l)
MexCp fx
UA Lw —Laux
_ |fx2w Ty (fo

MixCp,fx

Tt — Ti)

- Tw,u) 5

and for the water in the storage tank:

dTw l mhw
- = o (Dwii
UA
+M (Tcx - TW Z)
My Cpw ’

+ UA|£X2W
My Cpw

UA
_% (TW,E - Tag)

My Cpw

- TW,Z)

(fo - TW,E)

dTW u W
Olwu _  Thw (Tt — T

dt My Lw —Laux

UA
+M (TCX - Tw,u)

My Cpw
UA

+ |£x2w (fo
MwCpw
UA|

2
\:V e (Tw,u -
mwcpw

- Tw,u)

5.2 Ventilation energy recovery

With reference to [13], the improved building model only
needs a change in the description of the air temperature,
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Solar Heating: Temperatures; AT, = 0.57916, o7, =4.0427, 8, _qrer =4.0672

80 T T T T T T T T

0 I I I I I I I I I

0 05 1 15 2 25 3 35 4 45
time [days]

Figure 16: Temperatures at various positions in the system
with realistic disturbance inputs.

which changes to

dTr mri
= = (Ta, — T, 1-—
dt mr ( al r) X ( nv)
UA
+@ (Tm - Tr)
mrcp,r
UAl,za,
. rem T, — Ty,
mrépvr ( a-1)

where zero ventilation energy recovery as used in [13] is
equivalent to setting 7, = 0, while complete energy re-
covery is equivalent to setting n, = 1. In the subsequent
simulations, 1, = 0.5, which is unrealistically low.

5.3 Simulation

Except for the obvious changes of model parameters neces-
sitated by the changes in ventilation heat recovery and stor-
age tank, the model parameters, operating conditions, and
disturbances are as in [13].

Figures 16—18 indicate the operation of the system when
using a thermostat controller to control the room temper-
ature to ca. 20°C, and can be compared to the results in
[13].

Using the improved model in this work with thermo-
stat control, the standard deviation of the offset from the
reference room temperature is sz, _qret = 4.1°C, with a

aux0-4kW. The ventilation

~ 1.0kW. With the original
2014 3.8 OC,

mean auxiliary heating of é

heat loss seems to be Qvent

model of [13], the similar numbers were s %...; =
r r
—2014

Q. 1.17KkW and Q... ~ 1.5kW. Obviously, these
numbers can not be used to tell which model is best. How-
ever, it is clear that the energy consumption is reduced with
the new model: this is a result of a combination of venti-
lation heat integration and allowing for temperature distri-
bution in the storage tank*. The fact that the temperature

4Temperature distribution/stratification implies less entropy loss due to
mixing, and thus a higher exergy = available energy.
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Figure 17: Heat flows at various positions in the system
with realistic disturbance inputs.

Solar Heating: Auxiliary heat flow; 6“: =0.4 [kW], cauz =0 [$/day], crae =0 [$/day]
4 T T T T T

35 B

151 B

0 L L L L L L L L L
0 05 1 15 2 25 3 35 4 45 5

time [days]

Figure 18: Auxiliary heat input to storage tank using ther-
mostat controller.
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variation increases in the improved model simply reflects
the fact that for the given conditions, the solar energy is too
plentiful to allow good control: to improve the control, it is
necessary to be able to reduce the heat flow from the col-
lector. In these simulations, the efficiency of the ventilation
heat integration is set to i, = 0.5. In simple ventilation heat
integration systems, a realistic efficiency factor is typically
71, = 0.7 or so. With heat pumps, 7, can be even higher, at
the cost of a slightly increased electricity consumption.

6 Conclusions

This paper discusses two improvements in a previously pub-
lished model of solar heating of buildings applied to on-line
control and optimization: inclusion of energy recovery from
ventilation, and a more realistic water storage tank model.
Simulation results of a 1D distributed storage tank model
seem to indicate that a two compartment model is suffi-
ciently accurate for control design, although variation in the
hot water consumption ideally requires a two compartment
model with varying volumes for the two compartments —
this is similar to using a thermocline tracking algorithm.
Simulation results of the complete system with a thermostat
controller verifies expected changes in the system behavior.
However, good control of the system can not be expected
unless it is also possible to reduce the influence of the so-
lar irradiance: the peak irradiance is too strong, so that the
room temperature becomes too high.

Although the model has been improved, future improve-
ments are possible. Here, it is important to make a dis-
tinction between improvements which are necessary to
make the model realistic, and design changes necessary to
make the system better controllable. The list of improve-
ments from the introduction to this paper are still rele-
vant. A higher ventilation heat recovery should be used,
and it should be considered to introduce thermocline track-
ing/variable zone volumes in the storge tank. Also, it is
possible that the heat exchanger for the floor heating sys-
tem should not pass through the hot zone.

To improve controllability, it may be necessary to reduce
the circulation of the solar collector fluid.
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