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ABSTRACT

This article reviews state-of-the-art photovoltaic hardware that can
provide combined heat and power (CHP). The improved economics
of using photovoltaic (PV) power systems with CHP capability over
conventional PV systems is discussed along with the improved market
penetration potential in a variety of distributed generation applications.
The key issues are summarized that need to be considered to determine
project cost effectiveness including applications that will benefit most
from the PV system’s dual energy output, effect of geographic location
on system performance, and available federal, state and local financial
incentives.

INTRODUCTION

Many of the technical, economical and social advantages of distributed
generation, that is generation located at or near the point of use, are well
known [1, 2] and will not be elaborated on here. The additional advantages
of using CHP systems in distributed generation applications [3, 4] are
particularly attractive, especially for increasing energy efficiency.

Solar systems, particularly solar photovoltaic (PV) systems, are
ideal for the distributed generation (DG) environment because they can
generally be readily located at or near load centers, or energy users. They
are ideally suited especially because they are environmentally friendly,
as a result of their quiet, non-polluting performance, and because they
are a reliable and secure power source. President Bush even mentioned
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in his letter to the 26th World Energy Engineering Congress (WEEC)
last year [5] that he was calling on Congress to enact laws that would,
among other technologies, promote solar power. The U.S. Department of
Energy’s Distributed Energy program activities are aimed at increasing
acceptance of CHP in end-use sectors [3]. It seems logical that use of solar
CHP will help increase acceptance because of the advantages listed earlier
for solar.

The increasing acceptance of conventional solar PV systems that
provide electricity only and an overview of the details of matching those
PV systems to users are documented elsewhere [6].

A particular PV technology is available [7] that provides a CHP
option so that the attractiveness of PV and CHP can be combined. This
technology is described below followed by a discussion of the economic
advantages over a PV only power system. This discussion is not aimed at
policy regulation or utility interconnection issues related to DG or CHP
but mainly the simplicity of using a PV system with a CHP option and
the resulting improved economics that provide for more cost effective
applications and increased market penetration capability.

PHOTOVOLTAIC CHP TECHNOLOGY

Basic Concentrating Photovoltaic Hardware

ENTECH's basic concentrating PV modules are the world’s largest,
with an aperture area of 3 square meters aimed at the sun. Each module
is 0.9 meters (3 feet) wide, 3.7 meters (12 feet) long, and 0.9 meters (3 feet)
high. A long-life, all weather, marine-grade aluminum housing supports
the large primary acrylic Fresnel lens in reference to the solar cells and
provides an environmental enclosure. The Company’s passively cooled
module design keeps the solar cells about as cool as those in “flat plate” PV
modules because it has twice the cooling area of a conventional flat plate
PV module. ENTECH has several patented technologies in the design and
assembly of the module, which significantly increase its performance and
reliability while reducing its cost.

This silicon-cell based PV module is rated at 430 watts (detailed
specifications are provided on the web site [7]). This is a fully-developed
and commercially ready module design that has been used in many
previous projects. This PV module, shown in Figure 1, uses large acrylic
plastic Fresnel lens to create a primary line focus of sunlight onto the solar
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cell assemblies. Concentrating the sunlight to 20 times its normal intensity
reduces the amount of the most expensive component, the silicon cell
material, by 95%, compared to conventional “flat plate” PV modules.
The uniquely designed PV concentrator cell is a modified version of the
crystalline silicon cell used in flat plate PV panels. The major difference is
that the grid on the concentrator cell’s surface, used to retrieve the power
from the solar cell, conducts over 20 times more electrical current than
the same type cell in a flat plate module. Consequently, this cell has a
larger conductive grid. A specially designed optical cover is bonded to
the top surface of the solar cell to redirect incoming light away from the
grid onto the active silicon material on the solar cell. Therefore, the larger,
more effective conductive grid does not reflect or block any sunlight from
reaching active solar cell material. Each module has 37 solar cells electrically
connected together like the positive and negative connections of batteries,
to provide 17 to 20 volts DC, depending on the ambient temperature. The
modules are connected in series to increase the voltage to a desired design
level. In large applications the voltage level is increased to 300 volts DC or
greater to improve the performance of the DC/AC inverter.

This module is used in both the ENTECH SunLine™ and ENTECH
SolarRow® solar arrays. The ENTECH SunLine™ (Figure 2), using two
of ENTECH’s photovoltaic (PV) modules, provides electricity in any
sunny part of the world for small kilowatt power applications, such as
remote homes, remote water pumping and other off-grid power needs.
The SolarRow® uses 72 of these same PV modules in a larger tracking
frame to meet more substantial power demands such as for commercial,
industrial, utility and village applications and is shown in Figure 3.

Combined Photovoltaic & Thermal Module

An option is available with the basic PV system described above
that provides both electricity and hot water. For every kWh of electricity
generated more than 4 kWh of thermal energy is generated. These unique
module options are shown in the Figure 4 below.

The focused sunlight on the solar cells in the ENTECH PV module
is shown in Figure 5 along with photos of cross sections of the different
module receiver options. This article addresses the application of the PV
module with this second receiver option for providing both electricity and
heat, or CHP. To maintain a balance between the solar cell performance,
which decreases with temperature, versus the cooling fluid temperature,
which has more applications as its temperature increases, the fluid
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# Fresnel Lens:
® 3M-Produced Acrylic Lens
® 0.8 m Wide by 3.7 m Long

Aperture = 3 sq.m. Total
€ Marine-Grade Aluminum
Housing

4 Photovoltaic Receiver:

® 37 Diode-Protected, Prism-
Covered Cell Packages
(U.S. Patent 4,711,972)

@ Full-Receiver Dry Tape, Film
Laydown & Encapsulation
(U.S. Patent 5,498,297)

® Extruded Aluminum Heat Sink

Figure 2. ENTECH SunLine™ Array
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Figure 3. ENTECH SolarRow® Array
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Figure 4. PV Module Receiver Options

temperature is normally maintained below 200°F (93°C). If the heat is only
being used for a domestic hot water type application [140°F (60°C)], then
the receiver fluid output temperature can be lowed to about 160°F (71°C)
allowing for a 20°F pinch point in the heat exchanger.

Figure 6 shows an ideal application for one or more ENTECH
SunLine™ arrays where the total energy used in the home can be addressed
with a single solar system rather than separate PV and thermal systems.

Figure 7 provides a schematic of a larger system for commercial,
industrial and institutional applications where the solar CHP unit, or
solar PV and thermal array can be combined with a conventional fossil
fueled generation system to provide 24/7 energy demand. The ENTECH
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ENERGY RECEIVER OPTIONS
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Figure 5. Photos of Module Receiver Options

SolarRow®, shown in Figure 7, can be used to create substantial size solar
arrays to meet sizable demands. SolarRows® can be interconnected in
blocks as shown in Figure 8. ENTECH has connected its PV systems to
utilities in many different areas of the U.S. The procedure is straightforward
and is addressed by others in References 8 and 9.

ECONOMICS AND MARKETS

There are several items to consider in evaluating the economics of a
solar combined heat and power system, part of which are summarized in
Table 1.

Evaluating the economics of solar systems is somewhat different
than that for conventional, fuel-based power generation systems. A
solar system has a higher upfront capital cost than the conventional
system. Consequently, it is generally desirable to finance the solar
system over a longer term so that debt, debt/equity, or bond
payments, for example, are somewhat like the ongoing fuel payments
for a conventional fuel-based power system. The major difference is
that once the type of solar system financing is selected along with the
term of repayment and interest (or bond) rate, the monthly or annual
payments are established for the term.
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Table 1. Brief Financial Analysis Checklist

Geographic Location
¢ Determine Solar Resource
¢ Determine End User Connection Points and Distance
e Determine Preliminary Grade and Sub-grade Conditions

Local Energy Prices for Application Site
e  Current and Projected Electricity Prices
¢  Current and Projected natural Gas Prices

Power System/ Application Matchup
e Percent Use of Direct Solar Generated Electricity
e Percent Use of Direct Solar Generated Thermal Energy
e Determine Preliminary Electrical and Thermal Connection
Specifications

Solar System Price (Dependent on the Following Factors)
e Project Size
® Solar System Production Rate
® Local Land Area Cost
* Applicable Taxes and Fees
e Amount of Electrical or Thermal Storage Required (if any)

Power System Financing
e Direct Incentives/Rebates Available to Project
¢ Type of Financing: Debt, Equity, Combination, Bond, etc.
e Debt Term and Interest Rate, Bond Rate, etc.

This established payment schedule is a highly attractive feature
of solar systems because it is much different than the potential volatile
price increases that may be experienced for conventional fuels over the
same term, for example, 10, 20 or 30 years. It is desirable in select cases
for government end energy users to utilize a long term power purchase
agreement (PPA) signed with an energy provider that owns and operates
the system. This is especially true if the energy provider is able to take
advantage of rebates and incentives including federal and state tax credits
and the accelerated depreciation available for most of the solar system.
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In lieu of going into a more complicated financial model, the direct
difference between using only the electrical output from a solar system
compared to using both the electrical and thermal outputs is provided
in a simplified example in Table 2. This table combines the effects of
electricity price, thermal energy costs, geographic location (or available
sunlight), and solar system cost to determine the cost effectiveness of the
solar system for a given application. The annual revenue is based on the
amount and price of electricity and thermal energy from conventional
sources, like the electrical grid and a local, natural gas fired, hot water
heater, which are offset by the solar system. The price for thermal energy
in Table 2 is assumed to include burning or combustion efficiency.

The solar system cost shown in Table 2 is coded based on the
production rate. The medium-shaded area is the estimated cost of the
solar hardware being produced at a rate of 100 MW per year. The light-
shaded area is the cost for a production rate of 10 MW per year. The area
with no shade is the solar hardware cost for 1 MW per year production.
In this particular simplified example, the system is assumed to be 100%
financed by debt for a 30 year term at 7% annual interest rate.

The solar system is assumed to be “cost effective” when the annual
revenue from the solar system is greater than the annual payment for
debt principal and interest, and a small operation and maintenance cost.
Electricity prices from 4 to 20 cents per kWh are considered along with
thermal energy costs of $5 to $10 per thousand cubic feet (MCF) (~ 1
million Btu) of natural gas. As an example, a thermal energy cost of $5/
MCEF assumes $4/MCF was paid for natural gas to heat water in an 80%
efficient hot water heater.

To make a comparison of PV only and PV with a thermal output
option (labeled CHP or PVT) in Table 2, consider an average electricity
price of 14 cents/kWh over the term of the 30 year debt as an example.
The estimated annual revenue for a PV-only system in Los Angeles is
not sufficient to deem it cost effective. However, if the PV-only system is
located in Daggett, CA, and installed at a price commensurate with a 100
MW per year production line, itis in the cost effective range. Moving across
on the 14 cents per kWh line indicates that a PVT system in LA would
be cost effective if the thermal energy being offset costs $5/MCF and the
solar system was produced at rate of 100 MW per year. If everything else
stays the same but the location of the solar system is changed from LA to
Daggett, the system would be cost effective at a solar system production
rate of 10 MW per year. As one continues to the right in Table 2 along
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the same 14 cents/kWh line, it is shown that in Daggett with $10/MCF
thermal energy costs, the system is cost effective even with a solar system
cost based on a production rate of 1 MW per year.

For a more detailed financial evaluation of specific projects, ENTECH
uses a financial model that includes hour by hour electricity rates from
utility rate schedules, federal and state tax credits, accelerated depreciation,
rebates, incentives, local hour by hour estimates of solar energy availability,
debt percent, debt term and interest rate, to examine after-tax internal rate
of return on project equity. This model demonstrates that ENTECH’s CHP
solar system provides good rates of return for a board range of geographic
locations for today’s standard utility rate schedules for electricity and
natural gas in California.

It is estimated that the distributed generation applications will grow
significantly [10] with 28 GW of new potential, three-quarters of which
might be CHP applications. With the added benefits of solar CHP, it could
be poised to capture a sizable portion of this market.

SUMMARY

A unique photovoltaic system is available that provides combined
heat and power to substantially improve its cost effectiveness for a wider
range of available sunlight conditions, and offsetting electricity and
thermal energy prices. With today’s conventional energy price increases,
this PV CHP system will allow early market penetration for end users of
both electricity and hot water, such as hospitals, hotels, prison facilities,
schools, commercial laundries, etc. Later when combined with heat-driven
air-conditioning systems and sustainable fueled generators, the system
will be able to provide energy users with the bulk of their energy needs.
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