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1. Introduction

In the present notes, we're going to report some considerations and rough estimates of the
performance of an hypothetical combined photovoltaic-solar thermoelectric plant proposed by
Millennium Electric. The plant is designed to combine photovoltaic (PV) and thermo-solar (TS)
electric generation. In particular, the starting point is the use of cooled photovoltaic modules.
Cooling enhances the photovoltaic module efficiency, and the cooling fluid can be exploited in a
Rankine cycle, producing further power. However, the cooling water temperature at the exit of PV
system is rather low (55°C). Thus, since the Rankine cycle efficiency is strongly dependent on the
temperature level, a set of thermal solar modules is added, in order to raise the maximum cycle
temperature. According to Millennium data sheet, using relatively low cost flat thermal modules,
we can attain 135°C as maximum cycle temperature. Thermal storage is obviously required in order

to stabilize the thermal cycle temperatures.

A sketch of the plant, given in Fig.1, shows the two set of solar panels, PV and TS. The
condensated operating fluid of the thermal power plant exits the condenser at a temperature Tc
slightly higher than ambient temperature, and at the corresponding vapor-liquid equilibrium
pressure pc. Extraction and feeding pumps increase its pressure up to the turbine inlet pressure pit.
The PV cooling water releases its exceeding heat to the low temperature storage LT. The Rankine
compressed liquid is thus heated at T1 by the same LT storage. A second, high temperature, heat
storage HT is heated by the water from the thermal solar panels, and provide the heat flux required
to evaporate the cycle operating fluid and heat the superheated vapour up to temperature Tit. The
resulting vapor is then sent to the steam turbine and the condenser. The steam latent heat is removed
by the condenser cooling fluid which, in turn, is cooled either in evaporating tower or (at night)

using the solar panels themselves as radiating heat sinks.



Fig 1 -MSS Co-Generation

Sample combined power plant

To further clarify the power plant operations, let us consider a sample application, designed
for a PV peak power of the order of 1 MWe, and an additional thermal power from the turbine of
the same order of magnitude. The following results will obviously be largely dependent on some
assumption on the single component efficiencies and performances: namely, among others, turbine
efficiency, thermal storage reliability, allowed temperature jump between operating fluid and
storage should be verified for each single actual plant design, together with the proper economic

analysis.

Using water as the Rankine operating fluid, the main design parameters are listed in the following

Table 1.

(1) Multi Solar System (MSS) Millennium's patented technology simultaneously produces
electricity (PV cells), hot water (thermal collector components) and hot air at high
efficiency. The electricity and hot water can be used for various functions including hot
water, hot air for space heating/space cooling by air/heat exchange conditioning technology
and electricity for lighting and home appliances. Energy storage technology is used in off-

grid applications.

Table 1 — Sample plant boundary conditions and constraints




Steam Turbine estimated nominal power PT =1 MW

Inlet turbine steam temperature 7i¢ = 130°C
Condenser temperature 7c =30°C
LT storage exit temperature T1 =350°C
um Carnot efficiency I max= 1- Tit/Tc

= 1—(30+273)/(130+273)=0.25

2
Nominal radiation qi=1Kw/m
2
PV modules surface SPV =8,000m
2
Solar Thermal surface STS = 4,000m
PV modules efficiency ne, PV = PPV/qi=12%
. . . 2
Incoming peak radiation qi=1 kW/m

Heat recovery efficiency from PV:
", PV = 45, PV/4i=70%
qr,PV : heat flux available from PV cooling system

quat recovery efficienty from TS:
", TS = 4r, T9/4i=90%
r, TS : heat flux available from thermal solar panels




Rankine cycle

In coder 1o get the proper steam quality of the turbine exit (1o allow for efficient lveat transfer
i the condenser and conirol stalslity) wia chose o turbine inlef pressure of 1.9 bar

Table 2 - Thermal power plant assumption

Crpernting Mubd Waper

Inlet turbine steam pressure pe=t Mar

Turbane adisbatic efficency M =058

Condenser pressume P pe =004 bar
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At peak condition, assuming gi=1kW/m , we will get a peak power from the PV system given by



Prv =ne.pv -gi -sPV = 9.56 Mwe

And an heat flux from the PV coolig system (available at a maximum temperature of 55°C) of
QLT = qr,PV -SPV = r,PV -qi )-SPV =5.6 MWt (1)

On the other hand, from the thermal solar modules we have

OHT =nr,TS -qi -STS = 3.6 MWt (2)

From the Mollier chart, we can read the turbine inlet and exit enthalpies:

Inlet turbine enthalpy: hit= 2728 kJ/kg
Outlet turbine enthalpy (assuming turbine efficiency = 85%): hot= 2312 kJ/kg
Outlet turbine steam quality: xot= 0.89 kJ/kg

The energy required to heat a kg of condensate from the condenser temperature to the LT storage
exit temperature is:

QO*I=c-(TI-Tc) = 104 kl/kg

while the heat transfer required to raise the same kg of water from 50°C to steam at 1.9 bar, 130°C
is

Q*2= (hit- h1)=2512 kl/kg

Thus, we need much more heat from the high temperature storage than the lower one.
Unfortunately, the ratio between available heat (Eq.1,2) is just the opposite. This means that if we
use a single stream of water/steam in the Rankine cycle we would be able to exploit a only a small

portion of the LT heat system, given by

QLT, usable = QHT Q*1 =3%
QLT Q*2 QLT

Two-stream steam turbine

A possible workout is the use of two different steam streams: a large, low pressure one, generating
superheated steam at 50°C (with a low heat to electric power efficiency), and a smaller, medium
pressure one at 130°C. Both streams will generate power in a single, double entry steam turbine (as

in steam turbine in combined cycles). The resulting plant scheme is given in Fig.2.
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Tatsle 3 - Thevmal provwer enthalpley

Ethalpy [Litg] Temperatare [T]  Pressare [bar]
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L preasure nilane sl By=2382 Ty=3@ pi=air
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Condenser el h=i25k =3 po= S
g pressee v waler anthapy ol LT el Bp=209.8 Tir=3 por= 0012
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With a different location, i.e. Israel (PV efficiency 15%):
Radiation Ei=1800 kWh/year

PV Efficiency: 15%

Nominal PV power: 1.2MW

PV energy throughout the year: 2160 MWh/year

Turbine energy throughout the year: 1180 MWh/year
Turbine output with a different Tmax, i.e. 150°C :
Tmax=150°C

Tcondenser=30°C

Tintermediate=50°C
2
PV 8000m

Thermal modules 4000m2

Nominal turbine power=1.42 MW

Energy yearly production from turbine:

In Northern Italy, at 1,228 kWh/year: 850 MWh/year
In Israel, at 1,800 kWh/year: 1250 MWh/year

Table 4- Yearly Energy Output

Plant and Environment Data Yearly Energy Output
[MWh/y]|
Geographical Site Radiation PV efficiency Tit max PV Turbine
(kWhy) [°Cl

North Italy (UD) 1,228 12% 130 1,173 1,180
North Italy (UD) 1,228 12% 150 1,173 1,222
Center Italy (Roma) 1,460 12% 130 1,399 1,407
South Italy (Sicily) 1,700 12% 130 1,633 1,642
Israel 1,800 12% 130 1,732 1,735
Israel 1,800 15% 130 2,160 1,735
Israel 1,800 15% 150 2,160 1,798




