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Abstract

The technological development and economic of scale for solar photovoltaic (PV), batteries and
combined heat and power (CHP) have led to the technical potential for a mass-scale transition to off-
grid home electricity production for a significant number of utility customers. However, economic
projections on complex hybrid systems utilizing these three technologies is challenging and no
comprehensive method is available for guiding decision makers. This paper provides a new method of
quantifying the economic viability of off-grid PV+battery+CHP systems by calculating the levelized
cost of electricity (LCOE) of the technology to be compared to centralized grid electricity. The analysis
is inherently conservative as it does not include the additional value of the heat form the CHP unit. A
case study for residential electricity and therma demand in an extreme worst case environment
(Houghton, Michigan) is provided to demonstrate the methodology. The results of this case study show
that with reasonable economic assumptions and current costs, PV+battery+CHP systems already
provide a potential source of profit for some consumers to leave the grid. A sensitivity anaysis for
L COE of such ahybrid system was then carried out on the capital cost of the three energy sub-systems,
capacity factor of PV and CHP, efficiency of the CHP, natural gas rates, and fuel consumption of the
CHP. The results of the sensitivity provide decision makers with clear guides to the LCOE of
distributed generation with off-grid PV +battery+CHP systems and offer support to preliminary analysis
that indicated a potential increase in grid defection in the U.S. in the near future.

Keywords. photovoltaic; cogeneration; off-grid; combined heat and power; CHP; levelized cost of
electricity; battery; storage
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Nomenclature:

C.: Capacity factor of CHP(%)

Cs. CHP system size (kW)

d.: degradation rate of the PV module per year (%)

d.: degradation rate of the CHP unit per year (%)

dr: discount rate on the hybrid system per year (%)

Eup: Electrical power output of CHP unit (kW)

Es: Efficiency of CHP unit (%)

Ewnp: Rated energy from CHP unit yearly (kKWh/year)

Ewv: Rated energy from Solar PV module yearly (kWh/year)
Fenp: Fuel cost of the CHP unit yearly (%)

Feon: Fuel consumed by the CHP unit yearly (MMBTU/year)
F.. Cost of fuel per unit thermal energy ($MMBTU)

Henp: Nnumber of hours CHP operatesin ayear (hours)

I: interest rate on the hybrid system for 100% debt (%)

lv: Installation cost of Solar PV ($)

lnp: Installation cost of CHP unit ($)

leat: Installation cost of battery storage unit ($)

Mp: Maintenance cost of Solar PV yearly ($)

Menp: Maintenance cost of CHP unit yearly ($)

O,: Operation cost of Solar PV yearly (%)

Ocnp: Operation cost of the CHP unit yearly ($)

P : Capacity factor of PV (%)

Ps: PV power system size( kW)

Rua: Cost of battery replacement considered after every 10 years ($)
T : loan return term or lifetime of the hybrid system (years)

Teap - Thermal output of CHP unit (MMBTU/hr)

V ap: Variable Operation and Maintenance cost of the CHP unit yearly ($)
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1. Introduction

Technical improvements and scaling have resulted in a significant reduction in solar
photovoltaic (PV) module costs, which have resulted in PV industry growth both globally as well asin
U.S. [1]. In many regions there have been favorable policies for solar energy due to the positive public
response and support for growth of solar energy [2-7]. High exergy electricity from PV is not only
reliable, safe and sustainable [8-11], but now it has become an economical way of providing global
society's energy needs as well [12-13]. As the demand for PV installation continues to increase, the
costs continue to decline feeding a virtuous cycle [14-19]. In some regions of U.S. the solar levelized
cost of electricity for small-distributed on-grid PV systems is already competitive with conventional
utility electrical rates[12, 20-21].

This represents an economic threat to conventiona electric utility business models and in
response utilities are using a number of mechanisms to discourage the distributed renewable energy
generation market including: i) revoking or repealing net metering legislation [22-25]; ii) placing caps
on distributed generation [27-28]; iii) specifying solar grid charges [29-32]; iv) continuing
manipulation of customer charges to act as disincentives of both energy efficiency and distributed
renewable energy [33-35]; and v) placing temporary prohibition of activities on state Renewable
Portfolio Standards [36].

Many of the arguments (e.g. iii) are framed as costs of an inherently intermittent electrical
source such as solar. However, the potential for economic dispatchable distributed power becomes
possible with the simultaneous decline of the cost of battery storage. Current battery costs are between
$600-1,000/kWh. The U.S. DOE expects that this cost will decline further to reach $225/kWh in 2020
and will further drop below $150/kWh in the longer term [37]. Economy of scale will also factor into
future battery prices, especially with Teda s battery GigaFactory, which will shortly have battery packs
(Power Wall) available for $350/kWh for home use [38]. However, in many applications (e.g. northern
U.S. communities) where a battery bank would need to be prohibitively large to cover the load with PV
system alone, such systems can be coupled to a cogeneration or combined heat and power (CHP)
system.

The passage of the Public Utility Regulatory Policies Act (PURPA) in November 1978 [39],
created the impetus for a resurgence of co-generation and significant growth in CHP capacity.
Conventional generation is inherently inefficient, only converting on average about a third of the input
fuel's potential energy into usable energy. When comparing overall CHP system efficiency to the
typical central power station (for electricity) and boiler system (for steam) scenario, CHP offers
reductions in total primary fuel consumption on the order of 30% to 35%, which results in a similar
CO, emissions reduction, consuming the same fuels [40]. However, if coal-fired electric generation is
compared to natural-gas fired CHP systems the result is CO, emission reductions approaching 60% and
even greater reductions in pollutants such as SO,, NOx and mercury [41]. More than two-thirds of the
CHPs in the U.S. are fueled with natural gas, but renewable biomass and process wastes are also
potential fuel sources [41]. According to a 2012 joint report by U.S. D.O.E. and U.S. EPA., CHP
makes up about 8 percent of U.S. total generating capacity with an installed capacity of about 82 GW
(2012) [42]. The CHP technologies have also improved and are now available at a household scale. In a
review comparing various CHP technologies depending on size, cost, efficiency and performance
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parameters for residential use, CHP modules with internal combustion engine technology were found to
be more efficient [43-45]. Finally, the development of shale gas has had a significant moderating effect
on natural gas prices [40]. For example, average residential natural gas rates for Michigan in 2009 were
$11.30/MMBTU and in 2014 they were $8.99/MMBTU [46]. This has assisted in the economic viability
of small-scale CHP units.

Hence, these three technological developments in PV, batteries and CHP have led to the
possibility of grid defection (moving completely off-grid) for a significant number of utility customers
and is projected to increase in the future [47]. However, economic projections on such complex systems
utilizing multiple technologies and fuel sources is challenging and no comprehensive review is
available for guiding decision makers. This paper provides such a means by quantifying the economic
viability of off-grid PV +battery+CHP systems by calculating the levelized cost of electricity (LCOE) of
the technology and a case study for residential electricity and therma demand in Houghton, Michigan
is provided to demonstrate the methodology. A sensitivity analysis for LCOE of such ahybrid system is
then carried out on the following factors. capital cost of the three components, capacity factor of PV
and CHP, efficiency of the CHP, natural gas rates, and fuel consumption of the CHP. The results enable
the cost of distributed generation with off-grid PV +battery+CHP systems to be compared to the cost of
electricity with the conventional grid. The results for potential grid defection are discussed.

2. Background

The simplified block diagram of the modeled PV + CHP + battery hybrid system considers only
AC loads [48] and is depicted in Figure 1. Such a hybrid system is used to satisfy electrical as well as
thermal load demand for a residential single-family detached homes. The hybrid system consists of PV
and CHP unit, which are both used to generate electricity. Also the waste heat from co-generation units
can be used primarily for space heating and cooling and domestic water heating. The use of co-
generation units in this way is optimal for energy management [49-51]. Moreover the CHP unit also
generates thermal energy, which it uses to partialy fulfill therma load demand and thus offsets the
primary furnace and fuel source (e.g. natural gas furnace). The output of PV and the energy stored in
the battery is DC, which necessitates a DC-AC inverter to supply the AC load. Moreover, as the output
of CHP unit is AC, any excess AC output has to be converted into DC form before storing it in the
battery unit. Thus, an AC to DC rectifier is incorporated for this purpose. It should be noted, the
dispatch strategy of the system will be reliant on both the load data and the fuel economics for a given
region. Paralel topology is employed for the electrical component of the system [52]. Here, the
priority given to fulfill the electrica demand will be solar PV followed by the storage battery and
finally the CHP unit, in order to minimize fuel use and greenhouse gas emissions. Thus, the PV unit
will try to satisfy the AC load demand. If it isincapable of satisfying, then PV and the battery unit will
fulfill the load demand, which will help to increase system efficiency. If still the AC load demand is not
satisfied the remaining load demand will be served by the CHP unit [53].

2. Methodology

L COE methods for PV are well established [54-57] and recently standardized in [12]. LCOE of
CHP units is dlightly more complex because of potentially unknown expenditures for carbon dioxide
emissions, but is also well established taking into account the amount of electricity produced, the
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discount factor, investment costs, operations and maintenance costs; fuel costs, carbon costs, and
decommissioning costs [58-61]. Here the LCOE calculation requires determining the cost of generation
of energy by the hybrid system and the energy generated by the system in its lifetime and gives cost of
energy in ($/kWh). As LCOE is sensitive to the input assumptions a sensitivity analysis is carried out
encompassing the following variables:
» Capitd cost of the three systems:
1. PV ($0.50/W to $4.00/W),
1. Battery storage $250/kWh to $1,000/kwh) and
2. CHP ($500/kW to $1,400/kW).
The high capital costs are the current market prices as of thiswriting.
» Efficiency of the CHP module: 80% to 98%.
» Capacity factor of the PV: (13% to 18%) and consequently CHP module (55% to 14%).
* Financing terms. interest rate (0% t010%) and discount rate (0% to 10%).
» Fue cost of natural gas being consumed by the CHP module: ($6/MMBTU to $15/MMBTU)

It should be noted that starting from year one until the loan term, T, the operation and maintenance, fuel
cost and the interested amount is considered just as in the case with the generated energy by the system.
In this paper the LCOE method represented does not include any incentives as well as any
decommissioning cost, carbon cost or refurbishment costs.

The installation cost is taken out of the summation as it is just considered initially. The
installation cost will include the cost of solar PV, battery and the CHP module and is given by:

| = I Hlenptlpa (1)

The operation and maintenance will include the operation and maintenance cost for solar PV
(including inverter replacement) and CHP module along with variable operation and maintenance cost
of CHP module and replacement cost of battery is:

O= Opv+ Ochp+ Mpv+ Mchp+ Vchp+ Rbat (2)

The LCOE of the hybrid system can be determined using:

T UXi+O+FmJ

n=1 (1 +dr)n
LCOE= E (i d)
X —

z E[pvx (l_dl)n+ tchp 2
n=1 (1+dr)n
)

where:

and
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Ewnp= 8760 hrslyear x Csx Cy )

The cost of fuel can be determined by multiplying the fuel consumption per hour by the number of
hours the CHP isworking in ayear, which is then multiplied with the cost of fuel in that area:

I:chp = I:con X Fc X Hchp (6)

The fuel consumption can be found out by dividing total electrical and thermal output generated by the
CHP by the efficiency of the CHP unit [62-64]:
(Eqpx3.143)+T,,)

FCOH = (7)
Ey

As can be seen by equation 3, the LCOE greatly depends on the capital costs of the PV, battery and
CHP. It also varies depending on the operation and maintenance costs of the sub-systems. Moreover,
the fuel cost also affects the LCOE of the hybrid system. The fuel cost depends on the fuel consumption
of the CHP unit, which depends on the efficiency and the power to heat ratio of the CHP unit.

3. Theory and Calculations for Deter mining LCOE of the Hybrid System
The choice of discount rate, system costs, average system lifetime and the degradation rate of
the entire system every year.

3.1) Discount rate

The choice of discount rate can vary depending on the location, the life time of the project and
the technologies being used based on investors perception of financial risk. The DOE discount rate for
projects related to energy conservation and renewable energy resources in 2013 was 3% [65], which
will be used here.

3.2) System cost

System component cost not only depends on the capacity and the variability from vendors, but
also on the type of the system and the location where the system is being installed. Installation costs
vary widely as afunction of location and depends on the engineering costs, permitting and regulations,
labor costs and the remainder of balance of system costs (BOS). Capital costs of the magjor system
components are all decreasing.

The PV unit price, is highly dependent on the type of solar PV system, location and type of the
dwelling. For an instance, a thin-film solar PV system cost less per Watt as compared to a crystalline
silicon PV system [66-67]. The installed prices for residential PV continued their precipitous decline in
2014, falling year-over-year by 12-15% depending on system size range [1]. The installation cost include
the module price, labor cost, electrical BOS cogt, structural BOS cost, inverter costs, engineering & PlI
cost [1]. In general, labor cost and BOS of a solar PV system adds up to 50% of the system cost [68],
but strategies are being developed to halve these prices [69]. Through industrial symbiosis and
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manufacturing facilities the solar manufacturing prices have been declining on the economic scale [66,
70, 71]. Finally, installation costs are expected to decrease with technological experience, although not
as drastically as hardware costs [72]. Theinstalled PV system median costs for location are summarized
in Table 1. Due to technical advancement PV modules are available at historically extremely low prices
such as $0.69/W for Canadian Solar CS6P-280P [75]. The major contribution to the PV capital cost in
U.S. isthe soft cost which is around 50-70% of the total PV system installation cost which is double the
soft cost incurred by the PV installation in Germany (i.e. the U.S. solar PV soft cost is ~ $0.49/W
whereas for Germany it isonly ~$0.18/W ) [76].

The engineering, capital cost and efficiency for CHP units as a function of the prime mover
technology [44, 77]. The fuel cost varies depending on the efficiency of the CHP unit and the location
where the system is installed. Table 2, compares the efficiency of various micro CHP units, which are
both sufficient for residential use and available on the market [78]. These are put in context in Table 3,
which compares capital cost of different prime mover technologies to large scales [68, 77]. It can be
observed from the Table 2 that CHP with ICE technology is suitable and efficient for such type of
hybrid system.

Moreover, the cost is also declining and the lifetime is increasing for electrica storage
technology as awhole, although it depends on the type of the battery being used for the system and the
battery rating, and number of batteries connected in series or parallel. Historically, deep cycle batteries
were preferred for off-grid applications. For example, Trojan T105 RE, with 1000 cycles to 80%
discharge rate has a normal lifespan of 10 to 12 years and cost of $0.16/kWh for life time of battery
[79]. These battery costs along with the battery technology are evolving quickly as noted above.

Thus, the LCOE of the system is obvioudy sensitive towards the system cost and sensitivity
analysisis carried out. For the case study presented here the capital cost of PV is considered to be $4/W
and installation cost of CHP is considered to be $1,400/kW.

3.3) Financing

Financing depends on the credit of the individual and the tax laws, which also varies depending
on location. Financing can be government incentives, loans, equity financing, mortgage, or debt
financing. Debt financing is common as interest payment does not on include taxes. For the case study,
100% debt financing will be used. Moreover, the loan period is different from the life time of the
system, it is a guarantee period.

3.4) Lifetime of the hybrid system

The life time of hybrid system depends on the life time of the PV as well as CHP module. The
average life time of PV module is considered to be 25 years in the analysis here to be conservative,
although it is known that PV operate much longer. The life time of a CHP unit is a minimum 10-20
years. Operation and maintenance cost increases with the time and is mainly due to inverter and battery
replacement (at 10 years) and to insure the proper performance of the CHP unit. The fuel cost depends
on the type of fuel required for the CHP unit, generally natural gas or propane based CHP units are
available in market. Here natural gas will be considered primarily for economic reasons and the
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technical feasibility of scaling. Table 4 and 5 provide the EIA-2015 natural gas rates for the state of
Michigan [46].

3.5) Degradation rate and the ener gy generated by the system

The energy output from PV depends on the degradation rate of the modules. The degradation
rates for amorphous silicon PV is 0.5-1.0%l/year, for crystalline silicon it is 0.1-0.5%, for
polycrystalline silicon PV it is 0.1-1.0% and for cadmium telluride 0.1-0.5%/year [80-81]. This
degradation is due to chemical and material processes such as weathering, oxidation, corrosion and
thermal stress. The degradation rate of the CHP module depends on the type of the technology of prime
mover; for all the technologies, however, the degradation annually is below 0.5% [44]. For the case
study in this paper the annual degradation of the PV module and the CHP module with interna
combustion engine prime mover is considered to be 0.5%.

4) Results
4.1 Case study: Houghton, Michigan, USA.

A case study was chosen with relatively challenging resources. Houghton, Ml is located in the
upper peninsula for Michigan, thus it has relatively long winters, poor solar flux distribution and high
heat |oads relative to most of the rest of the U.S. The case study is for residential sector in Houghton,
MI with average electric demand of 9,128 kWh/year [82] and therma demand of 98.3MMBTU/year
[83]. As it is a low-population density isolated community the installation costs of PV are above the
national average and will be assumed here to be $4.00/W. Moreover, the minimum capital cost of the
PV considered for the sengitivity is $0.5/W. The size of PV required for fulfilling the load demand is
8.133 kW [48]. Whereas the CHP module is assumed to have a capital cost $1,400/kW with an
engineering cost of 450% [44, 77]. The CHP unit with ICE prime mover technology has different
minimum cost ranging from $800-$1400/W [77, 84, 85]. Thus, aminimum capital cost of $500/kW was
considered for sengitivity analysis. The size of CHP required to fulfill the load demand on an hourly
basis throughout the year is 1kWe [48]. A battery storage unit considered is deep-cycle batteries with
nominal voltage 48V and 1199A-h costs around $2,000 and has a lifetime of 10 years or more (although
as noted earlier thisis likely to decline considerably as Teda batteries become available).

Battery backup banks can be made up of many small batteries which are connected in series and
or paralel to give the wattage (V-A) capacity needed. The optimal sized deep cycle lead acid battery
storage unit for 1kWe of CHP unit is4 batteriesin seriesand 8 in parallel for aPV array of 8.1kW and a
CHP of 1kWe for a total battery size of 300 Ah [48]. The life span duration of such a battery storage
unit is 10 years or more [86,87].

From the results of the HOMER simulation shown in Figure 2 of such an optimized hybrid
system run using the above PV, CHP and battery sizing it can be observed that system is able to fulfill
the load demand completely for residence in Houghton, MI [48]. It can also be observed that the
operating hours for all the three units are different and also varies according to the monthly AC load
demand and the solar hours. The thermal load demand of the residence is fulfilled by CHP unit as well
as boiler.

The engineering cost for the hybrid system should also be considered to get precise results. Here
it is assumed that the dispatch strategy considered ensure that the CHP operational time is minimized to
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reduce the fuel consumptions and the concomitant fuel costs and GHG emissions. The capacity factor
of the PV is considered to be 15.3% for Houghton based on solar data and that of the CHP is
considered to be 36.28% with an efficiency of the CHP module of 83% [48]. Moreover, historically the
efficiency of ICE technology based CHP module varies from 75-80% [77, 84]. Today, the CHP
modules with ICE technology available on the market have efficiencies of around 80%-95% [88-91]
Thus for the sengitivity anaysis the efficiency of CHP unit has been considered to be 80%-98%. Along
with it 100% debt financing was used. The operation cost for the PV is 1.5% of the PV installation cost;
whereas the maintenance cost, which is mainly due to inverter replacement, is 9% of the PV installation
cost [12]. The battery is to be replaced after 10 years and cost of the replacement is considered in the
operation and maintenance cost. The operation and maintenance cost for ICE based CHP unit is
$50/year whereas the variable operation and maintenance cost is $0.08/kWh [44]. The fuel used by the
CHP module is natural gas and in Houghton the rates are $8.90/MMBTU [46]. Thus, following the
equations above the total fuel cost for the CHP module is $341.53/year.

The electricity price for residential sector in Houghton varies from $0.21/kWh to $0.24/kWh
[92], dectric utility company annual reports the electricity rates for Houghton in 2013 was $0.22/kWh.
It has been observed that this electricity rates are escalating. For example: the electricity rate in
Houghton in 2003 was $0.1459/kWh and in 2013 it was $0.22/kWh (i.e. an increase by almost 50% in a
duration of 10 years). Thus, to compare the LCOE of the hybrid system with the rates of electricity itis
important to consider the escalation rate of electricity each year. This escalation rate is due to a number
of factors that are difficult to estimate so the estimated cost of electricity after 25 years with varying
escalation rates 0% to 6% is shown in Figure 3.

Figure 4A-F shows the effects on the LCOE of the hybrid system of financing assumptions.
The LCOE of the system with with different discount rates of 0%, 3%, 5% and 10% and interest rates
of 0%, 1%, 2%, 3%, 5% and 10% with all other factors maintained for aloan term vary from 25 years
are shown. For Figure 2 it is clear that LCOE decreases as the interest rate falls for the same discount
rate. The LCOE for 0% interest rate and 0% discount rate has minimum value $0.212/kWh. Moreover,
for each discount rate the minimum LCOE will be observed with 0% interest rate, for example, the
LCOE for the hybrid system when the discount rate is 5% is $0.229/kWh (25 year loan term); when
discount rateis 3% is $0.223/kWh (25 years |oan term).

Figure 5A-C shows how the LCOE of the system varying as a function of the capital cost of the
PV and CHP with capital cost of battery held constant. The discount rate for this case is 3%, 2%
interest rate, 25 years loan term, whereas this will affect the operation and maintenance cost of the PV
module. In Figure 5A-C, the capital cost of the CHP module is $1,400/kW, $1,000/kW and $500/kW
respectively, whereas the installation cost of PV module is varied from $0.50/W to $4.00/W for each
case. It can be seen that the LCOE is obtained with installation cost of PV at $0.50/W and capital cost
of CHP is $500/W is $0.063/kWh. The capital cost of the modules plays an important role in LCOE of
the hybrid system, whereas a small change in capital cost of the CHP module does not change the
LCOE of the system by large values. For example when installation cost of the PV subsystem is
$1.00/W with the capital cost of CHP of $1,400/kW, the LCOE of the hybrid system is $0.086/kWh
(25years), however, when the capital cost of CHP module is $1,000/kW the LCOE of the hybrid system
is $0.085/kWh. Furthermore, if the capital cost of the battery is reduced with minimum capital cost of
CHP module and ingtallation cost of PV module the LCOE value can be reduced more. Figure 3D gives
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the LCOE of the system with installation cost of PV at $0.50/W and the capital cost of CHP $500/kW
and varying capital cost of battery sub-system between $1,000 and $250, respectively. Note, that this
capital costs change also effects the battery replacement cost. It can be seen that the LCOE of the
hybrid system is $0.053/kWh and is obtained when installation cost of CHP module is $500/kW,
whereas the capital cost of PV module and battery is $0.50/W and $500 respectively. With the battery
cost declining by another 50%, the L COE declines by another approximately 2 cents per kWh.

Figure 6 shows how the LCOE of the system is affected by change in the capacity factor of the
PV and the CHP sub-systems. As aready mentioned, by minimizing the capacity factor of the CHP
sub-system the LCOE of the complete system can be reduced. The capacity factor of the PV and CHP
will affect the rated energy generated by each other. The total energy out of the system is the energy
contribution of PV and the CHP sub-systems. If the capacity factor of the PV module is increased this
will increase the rated energy output of the PV and will reduce the contribution by the CHP. The
capacity factor of the PV module is varied 13%, 15.3% and 18% and the resultant CHP capacity factor
is summarized in Table 6. For this case the discount rate is 3% and interest rate is 2% with 25 years
loan term and the results are shown in Figure 6. It can be observed that we get minimum LCOE
$0.225/kWh when capacity factor of PV module is 18% and CHP moduleis 14.32%.

Figure 7 shows how the LCOE of the system is affected by the change in the efficiency of the
CHP module. The change in the efficiency aso impacts the fuel consumption of the CHP module and
hence the total cost of fuel. The efficiency of the CHP is varied from 85% to 98% and all other factors
are kept unchanged. As the efficiency increases the total fuel cost is reduced and thus the LCOE of the
system. For example the LCOE of the system is $0.239/kWh for 90% efficient CHP and is $0.241/kWh
for 85% efficient CHP module. The minimum LCOE $0.237/kWh is obtained when the efficiency is
maximum 98% (25 years).

Figure 8 shows how the LCOE of the hybrid system varies with change in rates of natural gas
($MMBTU). As can be seen from Table 3 the natura gas rates have varied historically and is difficult
to predict into the future so a sensitivity analysis on natural gas rates was performed to investigate the
effects on the LCOE of the hybrid system. The natural gas rates are varied from $6/MMBTU to
$15/MMBTU and LCOE of the system has been determined. From the results summarized in Figure 8
it is clear that the natural gas rates have a muted effect the LCOE rates of the system. For example the
LCOE is $0.258/kWh when natural gas rates are $15/MMBTU, whereas it is only 2 cents less
($0.232/kWh) when natural gas rates are reduced by nearly a factor of three to $6/MMBTU.

5) Discussion

A simple methodology for calculation of LCOE of hybrid PV, battery and CHP system has been
presented. The methodology was used to determine the LCOE for the hybrid system which can be
installed in Houghton, Michigan, US. The results of the case study are present in Figures 3-8, which
provide a quantitative view of the effects on the L COE with changes in various input factors.

The high initial installation cost of the hybrid system can be an obstacle in itsinstallation in this
region with an immature market for both PV and CHP systems. However, it can be observed that with
lower interest rates, long term loans, high discount rate and a reasonable degradation rate, such a
system will be profitable and may be preferred to maintaining grid dependence. It can be seen from
Figure 5A-C that the LCOE of the system was greatly affected by the installation cost of PV and the
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capital cost of the CHP. The largest contributions of the PV subsystem costs are the PV module cost
and the inverter cost, although it is clear in comparison with regions with more mature markets that if
the BOS cost is reduced then the installation cost of PV module can be significantly further reduced.
Moreover, Figure 5D shows with the reduction in the battery cost the LCOE of the system can further
be reduced, but the cost of the battery has arelatively small impact on the LCOE for the entire system.

The interest rates and discount rates also affects the LCOE of the system. This can be seen by
comparing the results in Figure 4A-4F. When both of these financing terms are high the impact is
severe and raises the LCOE outside of the range of profitability. Using current low interest rates result
in a competitive LCOE even with inflated initial costs. Figure 4A shows 0% interest rate with long loan
term resultsinto lowest LCOE value for any given starting condition.

The capacity factor of the PV aswell as CHP also affects the LCOE of the system. This can be
seen from Figure 6. As the capacity factor of PV increases the energy generated at the output of the PV
also increases. The total energy at the output of the system is maintained constant so as it is sufficient
to satisfy the electrical load demand of the house, and thus the energy at the output of the CHP can be
reduced by reducing the capacity factor of the CHP. As the capacity factor of the CHP declines the
number of hours the CHP module operates in a year is reduced resulting in less fuel consumption and
improving the LCOE of the hybrid system. As can be seen in Figure 6 this effect is relatively minor.

The efficiency of the CHP was also varied between 75% to 98%. As the efficiency of the CHP
increases the fuel consumption is reduced, reducing the fuel cost and improving the LCOE as can be
seen in Figure 7. As CHP units are adready relatively efficient the relative impact on the LCOE is a
minor one.

Although in recent years in the U.S. as awhole (and in the case study region of Ml in particular)
the natural gas retail prices have been declining as seen in Table 3, the natural gas rates can even
increase or decrease over the next 25years. Thus, the cost of the fuel utilized by the CHP will be
affected, and hence the LCOE of the system. The impact of natural gas prices on the hybrid system can
be seen in Figure 8. Lowering the natural gas rates reduces the LCOE of the system, but large changes
in the fuel costs have relatively minor impacts on the LCOE of the whole system.

The results of both theinitial case study (Figure 4) in Houghton, M| and the sensitivity (Figures
5-8) provide decision makers with clear guides to the LCOE of distributed generation with off-grid
PV +battery+CHP systems. The lower LCOE costs of the hybrid off-grid system (Figures 4-8) as
compared to grid costs with even modest escalation rates (Figure 3) offer support to preliminary
analysis that indicated a potential increase in grid defection in the U.S. in the near future [94].

4. Limitations and Future Work

It should be pointed out here that Houghton should not be considered representative of the U.S.
inany way. It has both more severe winters (and thus higher heating costs and less solar flux) than
most of the rest of the U.S. In addition, Houghton electric rates are particularly high for the U.S.
because of the geographic (and thus grid) isolation in the upper peninsula of Michigan and the mining-
centric nature of the electric loads. However, some of the same circumstances that drive higher utility
rates also increase the installed cost of PV as compared to the U.S. national average. Thus this case
study should only be considered as an example of the methodology and future work is needed to
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evaluate representative locations in each region of the country as demarcated by solar flux, natural gas
prices and electricity prices.

This study focused on the LCOE and thus the cost of electricity from a hybrid system. The
analysisis inherently conservative as it does not include the additiona value of the heat form the CHP
unit. However, the thermal demand that will be satisfied by the CHP module in the hybrid system is 18
MMBTU/year (i.e. 20% of the total annual demand in the case study region). The remaining 80% is to
be satisfied with a conventional heater or furnace unit. The natural gas utilized by the heater and its
corresponding cost can be taken into account and can be considered for future work for a complete
economic analysis of such hybrid systems. In addition, future work could investigate modeling larger
CHP systems to satisfy not only the electrical demand, but also the thermal demand of a residential
building. Such systems may be viable in locations that do not have as extreme of winters as the case
study region.

The CHP project, while not free of greenhouse gas emissions, is a least cost option to back up
the PV system that also offers a reduction of approximately 60% in source energy and carbon versus a
coa plant and creates approximately as many jobs as a wind or solar project of similar capacity [42].
CHP offers reductions in total primary fuel consumption on the order of 30% to 35%, which means
equivalent CO, emissions reduction if the same fuel is consumed [42]. Thus, to further improve the
work done the GHG emission rates can be considered.

An absorption chiller can be added to the CHP output to utilize the maximum amount heat
energy available, thus raising the efficiency further. Such systems are known as trigeneration systems or
CCHP (combined cooling heating and power) and have been investigated technicaly and appear
promising [95-99]. Tri-generation being one of the most promising technologies allows the efficient
simultaneous production of heat, cooling and power with all the three potential benefits technical,
economic and environmental [100]. Future works is needed to couple the cost of cooling into a
complete life cycle cost analysis of such complex systems over a range of geographical locations and
local climates.

It should be noted that although this case study was for the U.S., the details of the hybrid
system economics reviewed in this study are valid elsewhere. The primary differences between the
systems would be ensuring they meet the standards of the local regulators. For example, in Europe the
guidelines set forth by EURELECTRIC, may influence dispatch strategies [101].

Historically, the quantity of output power from the distributed generation sources was
restricted by the local demand load; however now bi-directional power flow between distribution
system and transmission systems can be used due to new system structures allowing distributed grid to
export power when local generation exceeds the consumption [102-104]. This has resulted in higher
complexity in the management of distribution systems and thus the skills of the electrical engineers
responsible for the grid. At the same time it has offered new possibilities to optimize the overall system
by allowing distribution networks and distributed renewable energy to participate actively in the system
operation [105]. It should be noted that in some parts of Europe, particularly in the southern region of
Germany the output from distributed generation technologies on distribution networks is already
exceeding the local load demand [106-104]. As distributed renewable energy matures throughout the
world, this could be the new normal rather than the exception.

In addition, optimizing such hybrid systems for GHG emission reductions can be considered in
the future using dynamic life cycle analysis that reduced life-cycle carbon emissions [107]. One way to
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do thisis with biomass-fueled CHP systems, which can produce heat and power with reduced net GHG
emissions, and thus can be much more climate-friendly than systems fueled with fossil natural gas,
coal, or oil. Biomass can be considered as renewable with low carbon emission and increasingly cost
competitive aternative to traditional fossil fuels for heat and/or electric power generation [108]. By
substituting biomass for fossil fuel, carbon emissions from non-renewable, fossil fuels can be avoided
[41]. Findly, in some areas it may be possible to use a solar-only trigeneration systems for even more
aggressive GHG emission cuts [109]. Again, further work is needed to provide a complete economic
analysis of these types of systems.

5. Conclusions

A new method to calculate the LCOE of a complex PV +battery+CHP system was presented. A
case study for residential electricity and therma demand in an extreme worst case environment
(Houghton, Michigan) showed that with reasonable economic assumptions and current costs such off-
grid hybrid systems aready provide a potential source of profit for grid defectors. A sensitivity anaysis
for LCOE of such ahybrid systems on the capital cost of the three energy sub-systems, capacity factor
of PV and CHP, efficiency of the CHP, natural gas rates, and fuel consumption of the CHP provide
decison makers with clear guides to the LCOE of distributed generation with off-grid
PV +battery+CHP systems. The most important factors for determining LCOE of hybrid system are
system cogt, financing, operation and maintenance cost, fuel cost, loan-term and lifetime. With
favorable financing terms, declining of the initial system cost due to advancement in the technology,
and grid electricity rate escalation such a hybrid system can become an economically advantageous
source for fulfilling the electricity demand along with contributing for the therma demand of the
residential units throughout a wide collections of geographic locations. The results offer support to the
preliminary analysis that indicated a potential increase in grid defection in the U.S. in the near future as
it is clear that PV+battery+CHP is already economically feasible in some locations and as markets for
the distributed generation technologies continue to mature economics without subsidies will provide
incentives for grid defection and assist in increasing PV penetration levelsin the U.S.
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Tables

Table 1: Summary of Average Residential PV Installed System Costs [67,73,74].

Solar PV Installation year | Size of the system Installed Cost($/W)
(kW)
2012 (US)* 2-5 5.2
2012 (Germany)* 2-5 2.6
2012(Australia)* <5 3.1
2012(Italy)* 2-3 3.1
2012(France)* <3 4.8
2012(Germany)** 2-5 2.3
2012(US)** 2-5 5
2013(US) <10 4.72
2014(US) <10 3.5

*-Excluding Tax
**_Including Tax

Table 2 : Electrical output, efficiency and total system efficiency for various CHP product available in

market for residential use[61].

Product Technology Electrical Electrical Total
output(kW) Efficiency(%) Efficiency(%)

Baxi-cogen Stirling 1 15 91

Honda Eco-will ICE 1 26 92

PanasonicEne-farm Fuel cell 1 35 85

CFCL Blue-gen Fuel cell 1.5 60 <85
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Table 3 : CHP capital, engineering cost and efficiency depending on the technology [77,68].

CHP technology| Typical Capacity Installed cost ($/kW.) Efficiency (%)
(prime-mover)
Gas Turbine 500kWe-300MWe 1,200-3,300 66-71%
(5-40 MW)

Steam Turbine 50kWe to several hundred MWe ($670-1,100 Nearly 80%
Microturbine 30 kWe to 250 kWe with2,500-4,300 63-70%

multiple unit packages up to

1,000 kWe
Internal- 1 kWe to 10 MWe in DGJ1,500-2,900 75-80%

combustion engine [applications

Fuel Cell 5 kWe to 2 MWe 5,000-6,500 55-80%

e: Electrical output from the CHP module.
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Table 4 : Natural gas rates for various years in MI, US [46].

Year Michigan state Natural gas rates
($/MMBTU)

2009 11.37

2010 11.32

2011 10.47

2012 9.95

2013 9.09
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Table 5 : Natural gas rates variation in year 2014 for MI, US [46].

Month year-  Michigan state Natural gas rates

2014 ($MMBTU)
July 14.00
August 14.57
September 12.48
October 10.04
November 8.85
December 8.99
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Table 6: Capacity factor for PV and CHP module.

Capacity factor PV module Capacity factor CHP module

13% (minimum of 3.3 sun hours for Houghton) 55%

15.3% (Houghton from simulation) 36%

18% (maximum 4.1-4.4 sun hours for Houghton) 14%
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Figure 3: The levelized cost of electricity for central ..,
generation, which depends on the current electricity s«
rates in the residential sector of Houghton, M1 with =«
varying escalation rates determined with NRELSs
L COE calculator [93].
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Figure 4. LCOE of the system for varying discount rate (0%,3%,5%,10%) and interest rates
(A=0%,B=1%,C=2%,D=3%,E=5%,F=10%). Assumptions: Installation cost of PV=$4/W,
CHP=$1950/kW and battery=%$2,000/kWh, the total energy output=14,000 kWh/year, degradation
rate=0.5%/year and loan term of 25 years.
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Figure 5. LCOE of the system for varying installation cost of PV (0.5%/W, 1$W, 2$W, 3$W, 45/W)
and CHP capital cost (A=$1400/kW, B=$1000/kW, C=3$500/kW). Assumptions included installation
cost of battery of $2000/kWh, loan term is 25 years, degradation rate=0.5%l/year, total energy
output=14,000Wh/year, discount rate=3% and interest rate=2%. Figure 3(D): LCOE of the system for
varying installation cost of battery ($1000/kWh,$500/kWh, $250/kWh) with minimum installation cost
of PV and capital cost of the CHP module for loan term of 25 years. Assumptions included,
degradation rate=0.5%/year, installation cost of PV=$0.50W, capital cost of CHP=500%/kW, total
energy output=14,000Wh/year, discount rate=3% and interest rate=2%.
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rate=0.5%/year, installation cost of PV=%$4.00\W, capital cost of CHP=$1400/kW, total energy
output=14,000Wh/year, discount rate=3% and interest rate=2%.
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