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Table 3.1 Thermodynamic Quantities for Thermal Calculations

Name Symbol Unit

Heat, energy Q Ws (= J) or kWh

Heat flow Q W

Temperature U} °C

Thermodynamic temperature [ K (Kelvin, 0 K = -273.15°C)
Specific heat capacity C Jikg K)

Thermal conductivity ) W/(m K)

Heat transition coefficient K Wim K)

Coefficient of heat transfer K W/(m? K)

Surface coefficient of heat transfer « W/(m? K)




Energy in form of heat O i1s linked with the heat flow Q

0= j@dr (3.1)

Every temperature change A also causes a heat change AQ. The change in
heat can be calculated with the specific heat capacity ¢ and the mass m of the
affected material:

AQ=c¢c-m-A8 (3.2)
Ir=85+273.15K (3.3)

The heat flow Q which causes the heat change for a constant heat capacity
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side there 1s a temperature 1}, on the other ¥,. This temperature gradient
generates a heat flow through the layers given by:

Q:k'A'IS:_‘gI} (3.5)
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Figure 3.1 Heat Transfer through n Layers with the Same Surface Area A



The coefficient of heat transfer

A=l g Zﬁ] (3.6)

can be calculated with the surface coefficient of heat transter &, and «, of both
sides, the thermal conductivity A. and the layer thickness s. of all n layers. Table
3.3 shows the heat conductivity 4 of various materials.

Solar thermal swimming pool heating

Swimming pools in moderate climatic zones usually need heating systems;
otherwise they are usable for only a few weeks per year. For instance, about
wimming pools have been built in Germany. Since average ambient
temperatures are below 20°C even in summer, there is a huge potential for
solar pool heating. In many cases simple solar swimming pool heating systems
have alreadv become competitive with conventional heating svstems.




lhe@gﬂ@s usually plastic. However, the material must be
resistant to deg ion caused by ultraviolet sunlight and chlorinated pool
water. Some suitable materials are polyethylene (PE), polypropylene (PP) and

ethylene propylene diene monomer (EPDM). EPDM has a longer lifetime but
also costs more. PVC should not be used for ecological reasons — it can emit

hichlv toxic dioxing if it hiirne.

'l’ht the system should only operate if the absorber can achieve a
temperature rise of the pool water. If the pump operates under very cloudy
conditions or during the night, the pool water cools down in the absorber,
which now acts as a radiator. A simple two-step controller with hysteresis can
avoid this; if sensors detect that the temperature difference between pool and
absorber is above a certain threshold level, the pump is switched on.
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The typica@erjﬂand of outdoor swimmin(@in moderate climates
is between 150 kWh and 450 kWh per square metre of pool surface. A well-

designed solar heating system can maintain a base temperature of 23°C, and
thus a fossil heating system is not necessary. For a pool with a surface area of
2000 m?, a solar heating system can avoid the burning of 75,000 litres of fuel
oil and the production of 150,000 kg CO, (boiler etticiency 80 per cent) every
season. Covering the pool during the night can minimize the heat losses and
save additional energy.

As a rule of thumb, th@ the solar absorber sur hould be 50-80

per cent of the pool surface; however, this depends significantly on the climate.
Experience from previous installations or computer simulations can provide
more exact values for the system designer. The absorber costs are of the order
£100/m”. Usually the costs of solar heating systems are lower than the costs of
fossil fuel heating systems. Only if the outdoor swimming pool is to be
operated all year round or if the pool temperature has to be rather high would
an auxiliary fossil heating system reduce costs compared to solar energy
solutions alone.
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Figure 3.3 Schematic of a Thermosyphon System



Thermosyphon systems
single-circuit system.
a double-circuit system

Systems with forced circulation
Two temperature sensors monitor

IwWo ftemiperature sensors monitor the temperatures 1n the solar collector
and the storage tank. If the collector temperature is above the tank temperature
by a certain threshold, the control starts the pump. The pump moves the heat
transfer fluid in the sels cle. The switch-on temperature difference is

normally behveen If the temperature difference decreases below a
second threshold, the control switches the pump off again. The choice of both
thresholds must ensure that the pump does not continually switch on and off
during low irradiance conditions.

Conventional circulation pumps
are usually designed for flow rates of 30-50 litre/h per square metre of solar collector area

Theu[;ump usually runs at the aiternating vﬂltaée of the public grid. It is
also possible to use DC motors to drive the pump. A small photovoltaic system

can provide the electrical energy needed. In that case, all of the energy for the
system comes from the sun.
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Figure 3.4 Schematic of a Double-Cycle System with Forced Circulation



SOLAR COLLECTORS

* integral storage collector systems New so-called transparent insulation materials (TIM) brought a solution
* flat-plate collectors to these problems (Lien et al, 1997; Manz et al, 1997). These materials have a
* evacuated flat-plate collectors slightly lower transmittance compared to low-iron solar safety glass. However,
* evacuated tube collectors. the heat transition coefficient is significantly lower so that the heat losses are

reduced to levels acceptable for ICS systems. Table 3.4 compares various

Integral collector storage systems <"ventional and TIM covers. -

Transparent insulation R /— Low-iron glass

|

Selective coatin
Reflector g

Heat insulation Stainless steel tank

Figure 3.5 Cross-section through an Integral Collector Storage System



Flat-plate collectors

* transparent cover
e collector housing
e absorber.
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Figure 3.6 Processes inn a Flat-plate Collector



The front glass cover retlects and absorbs a small part of the solar radiant
power @_as shown in Figure 3.8; however, the majority of the solar radiation
passes through the glass. The reflectance p, absorptance « and transmittance 7

can describe these processes. The sum of these three values must always be
equal to one:

pra+r=| 3.7)
The corresponding radiant powers are:

D =P +&P +&b =p-b +a-b +1-P, (3.8)
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Figure 3.8 Processes at the Collector Frort Glass Cover
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Evacuated tube collectors

The high vacuum inside the closed glass tube of the evacuated tube collector is

easier to maintain over a long period o
plate collector. Glass tubes can resist t
shape so that no supports are necessary

1. Solar radiation vaporizes

The vapour rises along the heat pipe

View from side

time than that in an evacuated flat-
1e ambient air pressure due to their

hetween the back and front sides.

2. Heat pipe fluid transfers heat

the heat pipe fluid. to solar cycle and condenses

3. Heat pipe fluid flows down and
Is heated again by the sun



Collector performance and collector efficiency

The collector converts solar irradiance E, which is transmitted through the
front glass cover with transmittance 7 onto the collector surface A, directly to

heat. The power output of the solar collector Q is reduced by lnsses due to
reflection Qr convection Q . and heat radiation Q4

Qluul = E'E' A'L' _an:l _me _QE'IJ {3*13}

The convection losses O_. . and heat radiation losses O can be combined as
QR The heat radiation losses Qm of selective absc-rbers are much lower than
the radiation losses of non-selective absorbers as described above. A vacuum
between the front cover and the absorber can reduce the convection losses
Qmm as described for the evacuated flat-plate and tube collector. The reflection
losses me can be estimated using the reflectance p from the irradiance passing

the glass front cover.

With
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and the collector power output becomes:

O =l‘-E-At.-“—p}—Qm- (3.14)
Using the absorptance ¢ = 1 — p of the absorber, the equation reduces to:
O =T - E-Ac —Ope =10~ E - Ac — Oc (3.15)

with B, =a-7T (3.16)

1, s called the optical efficiency. It describes the collector efficiency without
any losses due to convection or heat radiation. This is only the case if the

absorber temperature is equal to the ambient temperature.
The thermal losses O depend on the collector temperature - and the
ambient temperature 14, as well as on the coefficients a, respectively, a, and a,:

ﬁﬁt' =ay - A '('gﬁ' =9, }+”: - Ac “('gn' _.SI&}“ =a-Ac ‘{'yq' -9, ) (3.17)



The collector efficiency 0 can be calculated using the power output of the
solar collector Q_ . as well as the solar irradiance E, which reaches the
collector surfaces A.

With e = %j‘: =1 = E?H;c , the collector efficiency becomes:
"1'(&"'9&)"'”:'(3{ '_'_&)J a-(8, —.SIA)

o R (3.18)

e =M=
Ic =" E E



PIPES
Ic.:-ﬂeqrmf flow rate m

O

- Ay

AUy of the heat transfer fluid between collector inlet and outlet:

T o E-Ac—a, - A -(F. —8,)—a, - A (8, "'5].1.11
¢ Ay

the collector tlow rate with respect to the collector or absorber surface is:

om noE-a(8-8)-a,(9-8) n-E-a(3-9,)
,l'": - il | L A F L A = "Ill' L A (3*21)
A ¢ Ady ¢+ Ay,




volume flow V

1

V =—-1iz
P~
The cross-sectional area A, of the pipes in the collector cycle and the flow

velocity v, of the heat transfer medium defines the necessary pipe diameter d,
using ¥V = A, -vp = R-1-dp - v, as:

d. — 4-rir_ [4-rr-AL

p"‘-'l_.‘“ P‘l'.lr-":t

Piping heat-up losses

To heat pipes with mass m1, and heat capacity ¢, as well as the heat transfer
fluid with mass # and rheat capacity cypr from temperature i, to
temperature i}, heat Qphmmp is needed for # heat-up cycles:

Oppeateg = 1My = Cpp + Mypry = Cypyy )-8, - lgl):”'{","r}:ti '{'9: = 'gl} (3.27)



Piping circulation losses

Oeire = k"t (Sire — ) (3.28)

The beat transition coefficient

& d. , (3.29)
In
2F dp a-d,
If the regulator stops the circulation in the collector cycle, the pipes and
the heat transfer medium cool down again. At a time #; with an ambient

temperature of ¢, and a heat transfer fluid temperature of 9 4(t,), the stored
heat in the pipes is:

O =(c-m) gy - (Fps (1,) = 9,) (3.30)
This heat is reduced by the heat flow:
Q=K (G (N = 9,) (3.31)

The stored heat at time t, becomes:



Ot,) = O(t,) = k1 - (Gry (1) = 9,) - [t = 1,)

with the resulting heat transfer fluid temperature:

i 1) = o) ""9.4=(‘-k'l'(’;-'.)J'('g""('l)‘s,\)-l-‘g,\

(¢-m) (c-m),,

A[:iﬂ!—

n
the temperature of the heat transfer fluid becomes:

k' - Ar
(C‘m)m'

'9urr(’:)=(l" ] (G (1) = 8, )+ 9, .

Finally, At — 0, t, = 0 and t, = ¢ gives:

kM
K () = cx;{— ")‘(3|mo -9,)+9,

(¢ m)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)



THERMAL STORAGE

o short-term storage systems (daily cycle)
* long-term storage (inter-seasonal storage) systems.

Large storage systems can be:

o artificial storage basins

e rock caverns (cavities in rocks)

o aquifer storage (groundwater storage)
e oround and rock storage.



storage systems can be divided 1nto ditterent temperature ranges:

o |ow-temperature storage systems for temperatures below 100°C

* medium-temperature storage systems for temperatures between 100°C and
500°C

o high-temperature storage systems for temperatures above 500°C.

there are different types of heat storage such as:

01age of
01age of

5¢C

la

sible (noticeable

et heat (storage ¢

1eal

U to changes in physical state)

hermo-chemical energy storage.



Domestic hot water storage tanks

The heat storage capacity of a hot water tank is:

OQ=c-m-(8& - 8,)

The storage losses Qs of a cylindrical and spherical hot water storage tank

are the s of the losses Os of the cylindrical part and the losses Qs ohe of
both spherical caps:

Q!i 5 Q!n.qli T 2 'Qh,-.phuu: (5'38)



The losses in the cyvlindrical part

1JI“.-_-:;I'.'ui.l.::-.F - kl""-;'_-l. . ("9!-- = 3-\]

can be calculated similarly
with the heat transition coef
the averace storace tempera

0 the losses of the pipes in the previous sections

ficient &', t

he length IC},I and the difference berween

lire . and

 the ambient temperature 8.,



