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ABSTRACT

For the first time in Hungary, a geothermal ORC power plant is being built, and will
have the capacity to generate 2.2-2.5 MW of electricity. It is located in Tura, 30 km
east of Budapest. After a long design and optimisation procedure, some questions
are still unanswered. This paper reports answer to some of these, like how much heat
the power plant can provide for the greenhouse designed near to the power plant, and
how much water is needed to replace the evaporated water in the evaporative
condenser, as well as how the ambient temperature will influence the screw
expanders power output through the condenser. To evaluate these tasks, a Scilab
code was written. The main parameters were provided by Mannvit Consulting
Engineers.

1. INTRODUCTION

Hungary is a country with a good low-temperature geothermal potential, suitable for direct use, such as
district heating or bathing. Recently, new possibilities have opened up, as in Tura, 30 km east of
Budapest, where Hungary’s first geothermal electric power plant is being built, or in Dombdvar, where
plans have also been proposed for electricity production (Unyi, 2016).

Tura is a small town and the site of first ORC power plant to be built in Hungary. The power plant is
scheduled to generate up to 2.5 MW of electricity to the network. Commissioning the power plant has
an added value, not just because it will raise the share of renewables in electricity generation, but it will
also serve as good practice, and give new knowledge to Hungary. This report presents a hypothetical
investigation of a planned Organic Rankine Cycle power plant in Hungary. The main task was to
determine the needed heat supply for an 11-ha. greenhouse complex intended for tomato growing, with
the geothermal water provided by the power plant. Additional task was to assess the net power output
of the power plant versus ambient temperatures. The ambient temperature influences the greenhouse
heat requirements as well as the working efficiency of the planned evaporative condenser. Many
parameters are unknown here, like the exact design of the greenhouse, or the mass flow and pressure
ratio of the ORC fluid in the power plant, hence this discussion must be looked at as hypothetical.

The ORC plant has two loops, a high-temperature one and a low-temperature one, a total nominal rated
output at generator of 3350 kW and design gross power of 2619 kW. The geothermal fluid mass flow is
86 kg/s, the inlet temperature 124°C. When the plant is operating only 45 kg/s are available at 78°C,
flowing to the greenhouse. The plant investment cost based on the latest news is around 10 billion HUF
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(circa 3,225,000 EUR), 5.5 billion HUF is expected to cover the capital cost of the ORC plant, the rest
will be spent on the greenhouse complex, which is designed to cover 11 ha. (Magyar 1dék, 2016;
Alternativ Energia, 2016). The project will be financed by foreign investors, EU assistance, bank loans
and Hungarian investors. To know the possible heat supply, and the temperature effect on the power
output can be crucial in the ROI (Return On Investiment) calculations. Scilab free software was used
for the calculation, with Coolprop fluid properties extension. Scilab is more or less similar to Matlab
and CoolProp is similar to REFPROP (Scilab, 2016; CoolProp, 2016; MATLAB, 2016; REFPROP,
2016).

This project was carried out as the final project of the author’s six-month geothermal training in Iceland
at the United Nations University Geothermal Training Programme (UNU-GTP). The main project
objectives were the following:

e How much income can the scheduled Tura power plant possibly have from selling heat to an 11-
ha. tomato greenhouse complex?

e How much water evaporates in the evaporative condenser as a function of the ambient
temperature?

e How will ambient temperature through the condenser influence power output of the power plant?

2. PRESTUDY
2.1 The greenhouse

Before determining the energy requirements of the greenhouse complex, Mr. Keszthelyi Krisztian,
Department Engineer at Faculty of Economics and Social Sciences, Szent Istvan University, was
contacted to gain information on mainstream greenhouse design in Hungary. He provided a lot of useful
information, which can influence decisions, and an important part of the model, including the following:
During the winter season, there is no tomato production in greenhouses in Hungary, as the Spanish and
Jordanian farms control the market, with their cheap prices. They have a competitive advantage, based
on their warmer and less radical weather conditions. However, in the winter period Hungarian
greenhouses need heat to avoid freezing damage. Using light is not common, as the electricity price is
quite high compared to the heat price, and during the greenhouse heating period this is not necessary, as
the number of sunny hours is efficient for growing plants inside. Nowadays, typical greenhouses are of
Venlo type, with 5x8 m* blocks, 22° roof angle, 7.5 m total height, and 4 mm glass layer on the roof
and two glass layers on the sides, which can be more than 100 meter long. In Hodmez6vasarhely, the
new greenhouses, based on measurement made through the Google Earth ruler function, are of the size
140x78 m?, a size which consequently was used in this project (Google Earth, 2016). It is common to
use energy curtains to reduce the heat loss during the night. From practical experience, 20-70% of the
heat loss can be reduced by the curtain during night (Sanford, 2011). The tomato plants® optimal growth
is depending of course on the species, and the greenhouses are usually operated with daytime
temperature of 20-27°C and night-time temperature of 16-18°C (Mariani et al., 2016).

2.2 Energy prices

Some energy prices in Hungary are regulated by law. The renewable energy investment costs can be
higher than those for regular natural gas, coal fired or nuclear power plants, depending on the
circumstances. This applies especially to places where potential is not high, the renewable energy is
seasonable, etc. (OECD, 2015). To enforce the growth of renewable energy against their relative high
capital cost, in the European Union there is a common practice, called a Feed in Tariff. It is arguable,
whether it is a good or bad practice, but it is to be expected that anybody tries to label/emphasize health,
environment and risk tax after spreading carcinogenic and health damaging pollutants or causing global
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warming etc., as the nuclear, natural gas or coal industry, which has a serious effect, not like the CO,
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quota. Life is not just about money and profitability.

Cutting this discussion short, the main point is to make sure the investment will be paid back, support
non-government renewable energy investments (independent companies), and ensure that the renewable
energy is not lost, and will be used right away in the net, which means almost unlimited access to the

network. The renewable electricity prices are presented in Figure 1.
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FIGURE 1: Renewable electricity prices
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In Hungary district heating is also getting government support, through a regulation intended for
regulating the heat price of power plants (Hungarian Ministry of National Development, 2011). District
heating is not popular in Hungary, and one of the reasons can be seen in Figure 2. It shows that the sales
heating fee is regulated by the government, fixed by the Regulation of district heating sale fees. 1f
somebody has his own natural gas boiler, for a non-household consumer with more than 20 m’/h
consumption, the average gas price is between 2540 and 2670 Ft/MJ +VAT (Fogaz, 2016). In all, 69%
of the district heating fees are higher than the natural gas fee (and this was even higher before, as the
regulation aims to reduce the profits of the companies). This resulted in people leaving the district
heating systems in the past.
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FIGURE 2: District heating suppliers’ fixed rate by law

Figure 3 shows non-household consumer gas prices from 1992. It illustrates very well the effect of the
economic crisis in 2008. After 2011 the government started to regulate the energy prices to minimise
the cost of the households as much as possible. To summarize, the natural gas price in Hungary does
not always follow the market trend, but what the politicians want to achieve, and then it depends of
course also mostly on the price of Russian natural gas and the contract between the two nations.

In my opinion, in future the natural gas’ market price could decrease, as the frozen Siberian gas will be
available, and has to be utilised. The renewable energy share is also growing in Europe. In wealthier
and environmentally cautious countries, ground source heat pumps may replace the conventional heating
systems eliminating the need for the Russian or Dutch natural gas in Europe, which could cause surplus
in the system and reduce the prices. The future is unpredictable, everything can happen, the prices can
go up or down because of embargo, war, economic crisis, political change, etc. From a capitalist’s point
of view, if somebody plans a commercial greenhouse and competes on the free market with tomatoes,
he/she would choose the cheap natural gas, if the prognosis of the gas price appears cheap in the long
term. Consequently, the power plant cannot sell at a higher price than the price would be for laying
down the gas pipes (similar as for geothermal water utilisation), paying the fee for the storage capacity,
and the fee of the used gas. Comparison of the electricity and gas price gives (Fogaz, 2016):

o |7 Ft/kWh, on the electricity market;
o 25-37 Ft/kWh, renewable feed in tariff (peak, baseload, valley);
o 9.18-9.61 Ft/kWhy natural gas price.

The decree online about the Tura project (Tura organic garden, 2015) makes it clear that it was prepared
to get the feed in tariff. From these prices, it can be seen, that the power plant will focus on electricity
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FIGURE 3: Non-household consumer’s gas price in Hungary

production, even if the gas price / heat price will be 150-200% higher (for the combined heat and
electricity production). It can also be assumed the power plant has to sell the energy at a price close to
the actual gas price or lower to be a good choice for the greenhouse owner, unless the greenhouse owner
is really environmentally aware or is able to sell the tomatoes with some “green design”, which could
cover the additional expense.

3. GREENHOUSE HEAT REQUIREMENTS AND GEOTHERMAL HEAT SUPPLY

To estimate the heat requirements of the greenhouse a dynamic model was using Scilab software. The
geothermal water inlet mass flow and temperature were the only fixed parameters.

The necessary heat requirements in a greenhouse depend on many factors. There are heat losses by
transmission, filtration and ventilation, radiation and vegetable transpiration, evaporation, and water
condensation on the surfaces. Heat is gained by solar radiation, and when necessary by the heating
system in the greenhouse. I chose to build up a simple model, which doesn't take into account the
transpiration and condensation losses but the rest is evaluated. Some assumptions had to be made,
including:

e The walls and roof are from glass, the heat transmission across the aluminium frame wasn’t taken
into account.

e The temperature control system is PID controlled, mass flow is regulated with a fixed inlet
temperature in the radiator, depending on the heat requirement.

e [tis presumed that the greenhouse owner is planning to utilise the geothermal heat and the design
of the heating system is adapted to this idea. To do that, the design inlet/outlet temperature of the
radiator system has to be sufficiently low, not the 90/70°C system, conventional in Hungary. This
requires a higher heat exchanger area, which makes it more practical to utilise the geothermal
energy, as more energy can be transferred with the same mass flow. A good example can be found
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in Iceland, where district heating systems are conventionally run at 80/40°C, successfully for at
least 30 years. One of the key factor in the success, is that they use higher heat exchanger surfaces,
based on 40°C temperature change in the system, which enables them to utilize twice as much
energy, as with the Hungarian 90/70°C forward/return based systems.

e [f the geothermal system cannot cover the necessary heat through the heat exchanger, a peak
boiler will raise the temperature to the designed water temperature.

e Transpiration of the plants was not considered.

e An 11-ha. greenhouse complex is to be built up from 10 different 140x78.5 m? greenhouse blocks.

e Radiation loss was only considered for the roof. It was assumed that all solar radiation is absorbed
as heat, which is not reflected by the ground, air or the wall of the greenhouse.

e Air temperature by an ideal ventilator is mixed and uniform everywhere, resulting in no delay in
sensing temperature changes.

o If the air temperature exceeds 28°C, the greenhouse roof windows must open, with 28°C being
kept preventing the employees suffering from higher temperatures.

e The price of the geothermal heat is assumed to be the same as for natural gas in the income
calculation.

Definitions of variables are found in Nomenclature at the end of the report.

For stable conditions, the sum of the heat gain and loss should be zero, as shown in Equation 1:
er+Qadd_Qf_Qt_Qr:0 (D

Transmission heat loss from the greenhouse is calculated with Equation 2, where the temperature
difference is between the inside temperature in the greenhouse and the outdoor ambient air temperature
based on Equation 3. The U value was calculated separately for the wall, roof and the ground:

Q =U-A-AT (2)
AT =Ty — Tour (3)

The U value in Equation 2 is dependent on the air/ground temperature, the pressure and the velocity of
the fluid, in the boundary layers and outside of it. Many theoretical formulae exist for these calculations.
In this paper, Equation 4 was used, where ¢ is the thickness of the wall layer, 4 is the conduction heat
transfer coefficient of the wall material, and « is the convection heat transfer coefficient of the two sides
of the surface. The convective heat transfer coefficient calculations based on the Nusselt number -
Reynold number are applicable to liquids, but in the case of gas, often these do not give correct results.
Empirical numbers exist for the overall heat transfer coefficient for the greenhouses, with many authors
using Rafferty (1998). To the given data a polynomial curve can be fitted and used to estimate the overall
heat transfer coefficient in different wind speeds. From the zero wind speed value, the inside convective
heat transfer can be calculated from the glass convective heat transfer coefficient. With knowledge on
that base value, the roof outside temperature can be determined to estimate the radiative heat loss:

1
U(Wwina) = m 4)
Ain A Qout

The air heat convective heat transfer coefficient is calculated from Equations 5-6:

U= —0.017 * vying? + 0.3877 * vyying + 44635 (5)

2

Ain = ,  Uois evaluated at v,,jqg =0 )

>l O

1
Uo
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The filtration heat loss is calculated by Equation 7. The heat exchange rate for modern glasshouses is
usually 1/4, but it can change due the ventilation duty, to remove the moisture, avoiding mould and
fungus:

Qf =n-Cpair * Pair * V- AT (7)

The radiation heat loss is calculated by Equations 8-9:
Q=6 Eglass "A-F- (Troof,outt4 - Tsky4) 3
U- Aypoor - AT 9)

Troof,out = Tout
Tout

where the sky temperature is dependent on the opaque cloudiness (and results in lower radiation loss).
The glass temperature can be calculated by the conduction heat transfer coefficient (Equation 9). The

sky temperature can be calculated by using Equations 10-12, where C, the opaque sky factor (range
between 0 and 1), is recorded, usually in historical temperature databases:

CF =1+ 0.00224 - C + 0.0035 - C% + 0.0028 - C3 (10)

Tsky = lamb "’ EskyO'ZS - CF0%3 (MW) (1)

ey = 0711 + 0,56 - 1rdew o 7 Tairdew” (12)
sky = ™ ' 100 ' 100

The solar radiation heat gain across a surface is given by Equations 13-20, based on the studies of
Zelzouli et al. (2012) and Duffie and Beckman (2013):

er =A- (Idirect + Idiffuse,sky + Idiffuse,ground) (13)
cosB =sind-sing-cosB —sind-sinf3-cos@ - cosy+ cosb-cos - cosf

-cosw +cos § - sin - sin 3 (14)
*coSY-cosw + cosd-sinf3-siny-sinw

w = 15(time — 12) (15)
. (284 +n )
8 = 23.45  sin (W) ; nis the day of the year (16)
A= Idirect/(lglobal) (17)
2
fm — < Idirect ) (18)
Liirect + laifr
cos B, = cos @ * cos 6 * cosw +sin d - sin ¢ (19)
cos 6 (1 + cosB)
Is = Idirect * (1 - T') + Idiff * Asm-}' Idiff * (1 - A) *T * (1
P
+ fm« Slnz)?’ + (Idirect(l -7r)+ Idiff) * Pground (20)

(1 —cosp)
*#



Medgyesy 544 Report 27

The radiator system is unknown, so was assumed, that an effort will be made to try to fit it to the
geothermal heat source and work at design temperatures 73/35 (as the geothermal water is 78°C). It is
better not to have direct geothermal flow in the pipe system, as the geothermal fluid in Hungary contains
a lot of minerals, and to avoid precipitation the pressure should be kept above 9 bar, which results in
higher cost, if the whole system would be designed at 9 bar. The U value in the radiator system is not
stable at changes with regards to duty and the temperature range. Equation 21 represents an empirical
formula, which avoids the use of numerical simulation to determine the pipeline thermodynamic
properties in different mass flow and temperatures conditions (Anon 1977), but instead determines the
log-mean temperature difference without knowing the exact U value in different conditions, where Qy cu
is the design condition:

Qo (ATlg )4/3

21
ATlg, @1)

QO,GH

Through optimization it is decided which case would require a higher built-in capacity, the winter season
when the temperature is rarely below -15°C, and a minimum inside temperature of 5°C needs to be kept
to avoid freezing, or the autumn/spring season when the minimum temperature is -5°C as a design
condition and the heat should be 22°C without radiation heat gain. In different heat duties, a different
temperature difference is necessary and different mass flow. Equation 21 determines the necessary
temperature difference between the radiator inlet and outlet temperatures and the room-required
temperature, and with a basic iteration, the unknown radiator outlet temperature can be defined. By
Equation 22 the necessary mass flow can be determined:

Qcr = Myqq * Cp * (Tin — Tout) (22)

The geothermal heat exchangers traditionally used in Hungary are shell and tube heat exchangers, as the
more compact flat-plate collectors can have a high pressure drop and it could cause massive deposition,
with the water usually having high mineral content. Here it is assumed, that the pinch point in the heat
exchanger is 5°C, and the pinch point is between the lowest radiator return temperature at maximum
radiator flow capacity. For that condition, a design UA value can be calculated by Equation 23:

Qux = UA = ATlgyx (23)

At a fixed geothermal mass flow and inlet temperature, the most important factor is the geothermal
outlet temperature in the heat exchanger in off-design conditions. The outlet temperature of water from
the heat exchanger, circulated in the radiators, is also an unknown parameter. The unknown temperatures
were determined by Equations 24-25:

( g,in = rad x) ( out = rad return)

ATl =
Gux = In Tg,Ln Trad,x (24)
Tg,out - Trad,return
Myqq (Trad,x - Trad,return)cp = mg (Tg,in - Tg,out)cp (25)

Different functions were written in Scilab to determine all necessary parameters. The model inlet
parameters were the recorded temperature data (EnergyPlus, 2016), an excel sheet containing the year
recorded, hourly measured temperatures, relative humidity, wind speed, cloudiness, direct and diffuse
solar radiation. The control model used, was a PID mass flow control based on the temperature
difference between the reference temperature and the actual temperature, during winter period (Trer =
5°C) and the summer period (from March till November), where the reference temperature was set to
16°C in night and 22°C in day mode, and the day mode was between 6 AM and 6 PM.
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4. RESULTS AND DISCUSSION OF THE GREENHOUSE HEAT REQUIREMENTS

The greenhouses were evaluated Heat balance

separately first and the heat losses 20 |
and gain were calculated, with ] Filtiation heat loss
the necessary mass flow and ] " Ttansmission heatloss
temperature change for each
greenhouse. After some runs it

was clear that no significant heat 10
loss or temperature change can be ]
detected if the greenhouses were -
handled separately. =
Consequently, this simplification
was made and also their heat loss 0

and solar gain handled in the ] —
same way, which reduced greatly /

the time of the calculation runs. S /

Figure 4 shows the heating need ] ]

of the 11-ha. greenhouse 10 ———————— ————
complex per hour for a winter day '

(January 3") without using
energy curtains.

Radiation heat loss
e S0lar heat gain

Sum loss+gain
= Radiator heat supply

Geothermal heat supply

Hour

FIGURE 4: Simulation results for heat losses on January 3™

Even though a dynamic model Temperature and windspeed

was made, the data used is not 18

smooth enough, which results in Tamb 0]
. . 16 Vwind [m/s]

big and sudden step changes in Tin ()

the heat losses, and also in the "’"_ Tref [°C]

dynamic response of the system. 12 4
Transmission and filtration heat
loss is dependent on the actual
temperature  inside, = which
changes less rapidly than the
outlet temperature or wind speed, _
as can be seen in Figure 5 based 4 e
on the thermal heat storage effect.
Figure 5  represents the ] =
influencing parameters of the 0
dynamic model, like the 2
minimum reference temperature,
which in the winter season was
set to be 5°C, the outlet ambient
temperature and the wind speed.

°C and m/s

Hour

FIGURE 5: Simulation results for influencing factors on

Due to the solar radiation and the January 3"

heat stored in the greenhouse, the

inside temperature of the greenhouse rises above the reference temperature. Because of this
phenomenon, no additional heat was needed between 8 AM and 4 PM. Figures 6 and 7 show similar
simulations for the April 20™ heat parameters. The sharp (red) radiator heat supply is due to the change
in the reference temperature, and is to warm up the greenhouse. Two different runs were made. In the
first case, the heat loss was calculated without the energy curtain and its decreasing heat loss influence.
For the other one, the energy curtain was assumed to decrease the heat loss by 45% during the nights.
The total supplied energy by the ORC power plant in the first case is 92,436 GJ during a year. If the
energy curtain was used, this value was reduced to 65,850 GJ, a decrease of almost 30%. For current
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Heat balance
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Filtration heat loss
Transmission heat loss
Radiation heat loss
Solar heat gain

Sum loss+gain
Radiator heat supply

Geothermal heat supply
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FIGURE 6: Simulation results for heat losses on April 20™

Temperature and windspeed

Report 27

natural gas prices this would
mean 250 million HUF (805,000
EUR) in the first case and 178
million HUF (573,500 EUR) in
the second case.

30

°C and m/s

10 +

Tamb [°C]
e \fiNd [M/S)
e Tiin [°C)
e e Tref [°C]

Hour

20 22 24

FIGURE 7: Simulation results for influencing factors on April 20

5. EVAPORATIVE CONDENSER AND POWER OUTPUT

The evaporative condenser is somewhat different from a conventional one because the heat and mass
transfer are happening at the same time (Equations 26-27). The condensate gives its heat through the
pipe wall to the deluge water, by convection and conduction. The deluge water by conduction and
evaporation gives the heat to the airflow (Equations 28-32). Detlev G. Kroger gave a brief description
on the process in his book Air cooled heat exchangers and cooling towers (Kroger, 2004). Figure 8
shows an elementary control volume and the heat and mass transport in it. The principle of the
evaporative condenser is the cooling effect of the water evaporation to the air stream and the high (-er)
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FIGURE 8: Evaporative condenser‘s heat and mass flows (Kroger, 2004)

conductive heat transfer coefficient at the wall-water surface. The driving force of the evaporation is the
difference between the air absolute humidity and the air humidity at the water surface (which is assumed
to have 100% relative humidity) and the water surface. The basic equations of the evaporative condenser
can be found in Krdger’s book and in a thesis by Johan Heyns (Heyns, 2008), but here only the final
equations are presented, neglecting the derivation of the formulae which are given in the book or paper.

Some assumptions were made:

o The evaporated water flow compared to the deluge water (circulating) or air mass flow is 10 times
smaller, the water flow change can be neglected (but not the evaporation itself);

e The temperature of the water is the same through the tube bundles;

o The air properties values used are the average between the inlet and outlet; and

e The air mass flow is saturated with water at the outlet.

The final simplified case is, that through the whole heat exchanger, the total heat coming from cooling
down the ORC fluid and condense it, is equal to the heat transfer through the pipeline given to the deluge
water. It is also equal to the heat necessary for evaporation and also the heat transfer from the water to
the air. The last two processes mentioned can be expressed as the airstream enthalpy change. The
evaporation rate is represented in Equation 29 and the related energy transport by Equation 30. The
conductive heat transport is determined by Equation 31.

The equations referred to above are the following:

dm dw
Mair (1 +w) + (mw +—= dz) = Mgir [1 + (w+ —dz)] +m, (26)

dz dz

dm dhg;
Mairhair + (1 + 2202 ) (hyy + dhy) = mg [hm-r - dz)] tmghy  (27)
dQcond (ORC fluid side) = deass + dQconductive = Qheat+mass transfer (air side) (28)

dm
dZW dz = hy(w,s —w) *xdA (29)
dm,,

dQmass = hy dz dz = hy,hg(w,s —w) x dA (30)

dQconductive = aa(Tw - Ta)dA 31
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Qcona = Mpg24asfa” (ALcond + AhRZALSfa,cool)
= Qneat transfer — UAbundles(Tc - Twm) (32)

= Qheat+mass transfer — Maqir (hair,in - hair,out)

The mass transfer coefficient can be calculated by Equation 33 and the necessary fluid properties by
Equations 34-37 (Heyns, 2008):

_ 5.5439/10%Rey, " "° Regyym*’

d d01.6 (33)
a d Peri 0.38
Nu, = — = 0.023 * Re.>%Pr,%*| 0.55 + 2.09 <ﬂ> (34)
k. Pvap
-V . d m,:
Regym = Pavm *Vavm " Qo where vy, = air (35)
Hwm avaair
4T
Reym = — (36)
wm
m,, +d
Fm = —_w "0 (37)
Abundles
The air outlet enthalpy is calculated by Equation 38:
Abundlesha
hair,out = hair,avm - (hair,avm - hair,in)e Mair (38)

The condensation heat transfer coefficient is given by Equations 40 for Res < 35000. Equation 41 is

used for Reynolds numbers higher than 35000. The Reynolds number is given by Equation 39 (Bergman
et al., 20006):

Pev " Vep d Pct " Ver* di

Re,, = ! ond Re, = —L—<L L 19
< Hev ‘t Hel ( )
341/4
0.555((gpcz(Pcz - pcv)(hvap + 0.68 * Cpcl(Tc _ Twall))di

ﬂclkcl (Tc - Twall) (40)

e d; kcl

i
.7 0.38
0.023Reclo'4prdO.8(0_55 + (pcrlt)
a. = Dcv k (41)
¢ cl

d;

The deluge water heat transfer coefficient and the tube wall overall heat transfer coefficient are given
by Equations 42-43:

I 0.333
a, =2102.9 (dﬁ) (42)
o
U= 1
B (L codo 1 ) (43)
Ay dikpipe ac

One of the main questions was quantity of the evaporated water, which is given by Equation 44:

Myater = Mair (Wair, out — Wair,in) (44)
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In dry mode, the mass transfer doesn't take place, the air absorbs the rejected heat by condensation. The
important parameters in this case are described by Equations 45-47 (Bergman et al., 2006):

Qcona = Mpg24sfa " (ALcong + AhR245fa,cool) = Qheat transfer
=UA (Tc - Tair,avg) = Qneat+mass transfer (air side) (45)
= Mgir " (hair,in - hair,out)

1
0.5 3
0-62Reair,wall Prair,wall3

Ao dry = 03+ 5, 0.25 1
0.4 3
1+ (i)
< Prair,wall ) (46)
5\ 4/5
(Reair,wall)§ kair,wall
282000 d,
U= 1
‘( 1 _dy 1 ) (47)
aa,dry dikpipe ac

In the calculation, many parameters are unknown, like the mean deluge water temperature, or the
condensation temperature (as it changes by the inlet air temperature) and the air average temperature,
where Req.» was evaluated, the air outlet temperature and the wall temperature. The wall temperature
doesn’t really change the coefficient, which is related to it, but the other parameters have a crucial role.
To find the condensation temperature for a given air temperature, a nested loop iteration was used, with
the deluge water temperature and the condensation temperature changed in the iteration.

The given data of the condenser didn’t contain the exact geometric parameters of the evaporative
condenser, like number of tubes, just one tube diameter. To overstep this problem, a surface was
suggested, which can fulfil the criterion to use the condenser at 22°C when the design outlet temperature
is 11.2°C, as was suggested by Mannvit. When choosing the surface size, it was also considered, that
during winter it must work in a dry mode, as the water could freeze in the tubes and destroy them. This
would reduce the efficiency of the plant very much, as the overall heat transfer coefficient can be two
orders of magnitude less if on one side there is gas instead of liquid. The mass flow of the ORC fluid
was also unknown, but Mannvit Consulting Engineers provided official data on the power output of the
two screw expanders in the plant, and the geothermal fluid inlet and outlet temperatures and pressures
in many points. To determine the mass, a flow reverse calculation was used, where the following
parameters were fixed:

e The design condensation temperature;
e The geothermal water mass flow temperature and pressure values in most of the brines.

During the calculation the pressure drop on the ORC side was neglected, the turbine isentropic efficiency
was estimated based on typical values found on-line (Hsu et al., 2014).

The ORC high-temperature loop was calculated with the following routines, based on the schematic
drawing of the power plant (Appendix I). The red marks show the known parameters, while the blue
circles show states with unknown parameters. In the high-temperature loop in the evaporator the
geothermal water goes with full capacity and evaporates and slightly superheats the ORC fluid as
defined in Equation 48:

mgl(hgl - th) = mr245fa(h3 — husu) (48)

After the evaporator, a bigger portion of the geothermal water goes to the low-temperature loop, and a
smaller fraction preheats the ORC fluid (Equation 49):
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mgz(hgz - hgz) = My245fq (hy — h3) (49)
The expander work’s is given by Equation 50, with the screw expander power output known (W):
Wi = Myassra (hgsy — hs) (50)

6. RESULTS OF THE EVAPORATIVE CONDENSER SIMULATION

The pump work was assumed to be isentropic (this assumption doesn’t make significant change in the
temperature of point 2), s;=s;. With numbers of points referring to the figure in Appendix I, the ORC
fluid pressure at 2, 3, 4 and 4SH points was set to be the same, temperature at 3 and 4 is the same, while
the temperature difference between the superheated vapour and the evaporated vapour was assumed to
be 2°C. By iterating with the mass flow, the optimal pressure was found by an iterative method, which
gave the right pressure, which results in the known power output (W;=Wj). By plotting the temperatures
of the geothermal fluid and the ORC fluid versus the ORC mass flow, and also represent the known
geothermal temperatures (Tg=104°C, Tg3+=78°C, and Ty3= Te4+ =38°C, respectively), the cross point of
the mass flow dependent geothermal fluid temperature and the designed geothermal fluid temperature
gives the possible ORC mass flow. The two known geothermal temperatures in a precise calculation
would cross the calculated geothermal temperatures at the same mass flow, but as any losses etc. at the
evaporator and preheater were not taken into account, it could result in some difference, adding also that
the expander efficiency has great effect on the results. The stronger boundary is the higher fixed
geothermal temperature, as it has to be an evaporative medium in the low-temperature loop. As can be
seen, the temperature difference between the calculated geothermal water temperature at (7,3) and the
reference temperature is not crucial. This was also done for the low-temperature loop. The reverse
calculations resulted in 52 and 43 kg/s mass flow for the high- and low-temperature loops, respectively,
and 11.9 and 6.46 bar inlet pressure to the expander. With the known mass flow, temperature and
pressure values, the behaviour of the evaporative condenser was modelled.

Evaporated water quantity As seen in Figure 9, the model shows
10 that the evaporated water mass flow
Lot comdnes is around 8-9 kg/s. It is influenced
O O O Total evaporated water mostly by the heat exchanger surface
8 area and the air mass flow. As the air
. temperature increases, the air can
@ carry more water vapour. Therefore,
D 64 higher temperature will result in a
g o o higher water evaporatiop rate. The
= ..‘...0”‘” condenser temperature will also rise,
B a- oo’ as it physically cannot be lower than

S o prysiea’y
= N e the air inlet wet bulb temperature. It
will raise the condenser pressure and
2 reduce the power plant efficiency as
N presented in Figures 10 and 11. In
the dry mode, the efficiency will also
0 T : ; ; . ¥ . . . . . be reduced, as the overall heat

-20 -15 -10 -5 0 5 10 15 20 25 30 35 4

transfer coefficient is controlled by
Ambient temperature [*C] the air side conduction heat transfer
coefficient, which is two magnitudes
lower than water conduction heat
transfer coefficient. The temperature
duration curve and the related

FIGURE 9: Evaporated water mass flow vs ambient
temperature
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performance duration curve can be seen in Figure 12. The power plant will work close to the design

power output most of the time.
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FIGURE 12: Temperature and power output duration curve

7. CONCLUSIONS

Temperature [°C]

The project was conducted to find the possible heat that the ORC power plant in Tura can supply to a
planned greenhouse complex and investigate the behaviour of the evaporative condenser. Scilab
dynamic simulations were used to determine the heat requirements of the greenhouses and a static model
was designed to evaluate the evaporative condenser behaviour and the effect on the turbine output. The
calculated income is between 574 000 and 805 000 EUR per year. The evaporated water quantity varies
greatly by the ambient temperature as well as the turbine power output.
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The simulation of the greenhouse could be supplemented if the transpiration heat loss of the plants was
more accurately calculated, and with a smoother temperature data.

The lack of power plant data resulted in many assumptions in the evaluation of the evaporative
condenser. With more precise data, the calculations could be refined and give a more accurate result.
But as it the case for every model, it needs validation with real measurements.

The calculated low power output for the dry operation of the evaporative condenser at low air
temperatures is highly interesting. Either elimination of the dry mode by a condenser design which can
tolerate some freezing on the outside of the tubes has to be made, or a way found to have fins on the
tube outside to enhance the performance in the dry mode.
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Symbol
A
Aroof

Abundles
A::1ir

CF

P

CPa
8

ATlg
ATlgO
ATIgyx

ALcond
AhR245fa,cool

hq

hy

hair
hair,avm

hvap
hgy, hy,

h3' h5! hAISH
Idirect
Idiffuse,sky
Idiffuse,ground
lglobal
Laies
I
kcl
kpipe

k:=1ir,wall
A
Mp,q
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NOMENCLATURE

Description
Surface
Surface of the greenhouse roof
Surface of the tube bundles in the condenser
Surface where the air can pass in the condenser
Convective heat transfer coefficient
Conductive heat transfer coefficient of air
Conductive heat transfer coefficient of air
Conductive heat transfer coefficient of ORC medium
Conductive heat transfer coefficient of water
Angle between the horizon and the surface
Opaque sky factor
Constant
Specific heat
Heat capacity of ORC condensate
Thickness or Stefan Boltzmann constant
Logarithmic mean temperature difference
Logarithmic mean temperature difference design condition
Logarithmic mean temperature difference in the heat
exchanger
Latent heat of vaporization
Specific enthalpy change of ORC fluid during cooling
Inlet diameter
Outer diameter
Emissivity of the glass
Emissivity of the sky
View factor
Gravity
Latitude of the place in degrees
Deluge water mass flow per unit length
Surface azimuth angle
Mass transfer coefficient
Specific enthalpy of vapour
Specific enthalpy of air
Specific enthalpy of air at mean water temperature
Specific enthalpy of vaporisation of water
Specific enthalpy of the geothermal fluid in different points
Specific enthalpy of superheated ORC fluid
Specific enthalpy of ORC fluid in different points
Direct radiation
Diffuse radiation from the sky
Diffuse radiation from the ground
Global radiation
Diffuse radiation
Sum of radiation
Thermal conductivity of the condensate
Thermal conductivity y of pipe material

Thermal conductivity of air at the bundle’s wall temperature

Conductive heat transfer coefficient
Mass flow in the radiator

Mass flow of geothermal fluid
Mass flow of deluge water

Mass flow of air
Mass flow of ORC fluid

Report 27

Unit
m?
m
m
m
W/(m?K)
W/(m?K)
W/(m?K)
W/(m?K)
W/(m?K)

2
2
2

J/(kgK) or J/(kg°C)
J/(kgK) or J/(kg°C)
m or W/( m?K)

°C

°C

°C

J/kg

J/kg

m

m
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Symbol
My ater
Hwm
Hey
He
Nu,

n
Pr,
Prys
l)rair,wall
Pcrit
pCV
QSI‘

Qux

Qheat+mass transfer

Qheat transfer

Qcond
Rea\wm
r
Reym
Re,
Re,
Reair,wa\ll
Pev
Pavm
Pc
Pair
T
Troof,out
Tsky
Tamb
Tair,dew

Tg,in
Trad,x
T

gout

Trad,return

Twm
Twall
Tair,avg

555

Description
Mass flow of evaporated water
Dynamic viscosity
Dynamic viscosity of the condensing ORC vapour
Dynamic viscosity of the condensed ORC liquid
Nusselt number

Air exchange rate, or number of the day in a year sequence

Prandtl number

Prandtl number

Prandtl number

Critical pressure

Vapour pressure

Heat gain rate by solar radiation

Heat supply rate by the greenhouse heating system
Heat loss by rate filtration

Heat loss by rate transmission

Heat loss rate by radiation

Heat power requirement of the greenhouse

Heat power requirement of the greenhouse design cond.

Heat power supply by the geothermal heat exchanger
Sum of heat and mass transfer rate

Heat transfer rate between deluge water and condensate
Heat rate of cooling and condensing of ORC fluid
Reynolds number of air at mean water temperature
Reflectance

Reynolds number of mean water

Reynolds number of condensate

Reynolds number of condensing vapour

Reynolds number of air at wall temperature

Density of ORC vapour

Density of air at mean water temperature

Density of ORC condensate

Density of air at ambient temperature

Temperature

Temperature of the roof

Temperature of the sky

Ambient temperature

Dew temperature of the ambient air

Temperature of geothermal fluid at the inlet
Temperature of radiator fluid after the heat exchanger
Temperature of geothermal fluid at the outlet
Temperature of radiator coming from the greenhouse
Temperature of water

Temperature of air

Temperature of condensate

Mean water temperature

Temperature of the wall

Average air temperature

Angle of incidence

Zenith angle

Overall heat transfer coefficient

Wind velocity

Volume of air in the greenhouse

Absolute humidity

Absolute humidity at water surface

Velocity of air at the water surface

Velocity of the condensing ORC vapour

Medgyesy

Unit
kg/s
N s/m?
N s/m?
N s/m?

1/s or 1/h

=Bz
o

£2=2=2<

s z2z222

kg/m?
kg/m3
kg/m?
kg/m?

°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C

W/(m?K)
m/s

g/kg air

g/kg air
m/s
m/s
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Description Unit
Velocity of the condensed ORC liquid m/s
Absolute humidity of air g/kg air
Power output of turbine w

APPENDIX I: Schematic design of Tura ORC power plant
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