
Phased
The HFC phase-down 
definitively explained.

PRINT POST APPROVAL  
NUMBER PP352532/00001

AUGUST 2018  ·  VOLUME 17.7
RRP $14.95

Ecolibrium



ECOLIBRIUM • AUGUST 201832

F O R U M
PEER-REV IEWED TECHNICAL PAPERS

F O R U M
PEER-REV IEWED TECHNICAL PAPERS

Prospects of powering a refrigerated 
warehouse with renewable energy

Douglas Reindl, Ph.D., P.E., Fellow ASHRAE; Marc Claas; Jake Denison

ABSTRACT
Although net zero energy buildings have been successfully demonstrated at residential and small to moderate commercial  
building scales, they have not been demonstrated for more energy-intensive operations such as food production or large refrigerated 
storage facilities. The reason is simple: residential and low-rise commercial buildings have the benefit of considerably lower energy  
use intensity (i.e., annual electric energy required per unit area of the building) when compared to a refrigerated facility. 

Figure 1 shows the comparative energy use intensity of various 
facility types including: a food production facility with 
refrigerated storage, a health-care facility, a large cold storage 
warehouse, a commercial office building, and a single-family 
residential dwelling. The high energy use intensity of a food 
production facility significantly increases the degree of difficulty 
and costs for achieving net zero energy performance. One factor 
that increases the degree of difficulty in implementing sufficient 
renewable energy production on-site is the large area required 
to deploy sufficient renewable energy generation to power a food 
process or refrigerated storage facility. This area is significantly 
larger than the facility footprint that might use rooftop 
photovoltaic solar alone. 

The analysis presented in this article will show the magnitude 
of land area required to power such a facility. We also quantify 
the costs for deploying sufficient renewable energy generation 
to achieve net zero performance; however, land costs are not 
included in the economic analysis due to the significant variation 
in prices based on location.

REFRIGERATED FACILITY OVERVIEW
The analysis presented in this article is based on an actual 
refrigerated warehouse comprising two separate refrigerated 
docks, a cooler, and three freezers totaling 15 500 m2 of 
conditioned space. The size and respective temperature setpoints 
for each of the refrigerated spaces in the facility are given in 
Table 1, and the actual metered electrical energy demand and 
consumption for the facility are used in the analysis that  
follows. The electrical energy use intensity of this facility is 
1,783MJ/m2·yr and it compares well with the “Large Cold Storage 
Area” energy use intensity shown in Figure 1.

In this article, we define a “net zero facility” as one that would 
be capable of producing at least as much electric energy on-site 
from renewable sources as it consumes over an annual operating 
cycle. More specifically, the on-site renewable energy production 
is sized to annually produce electrical energy equal to the facility 
electric energy consumption. We assume the facility is grid-
connected and the electric utility provides necessary electric 
power whenever the site electrical demand exceeds the on-site 
renewable electricity production. We also assume the utility 
accepts any surplus on-site electricity production during periods 

when the facility electric demand is less than the renewable 
energy production. The only constraint applied is that the 
renewable electric energy production equals the facility’s annual 
electric energy consumption.

Figure 2 shows the monthly-average daily electrical energy 
consumption over the annual period from February 2014 through 
January 2015. The electrical demand for this facility during the 
summer is 50% greater than the winter. The annual electrical 
energy consumption for this facility totals 7,717,792kWh.

Food Manufacturing with Storage

Health-Care Facility2

Large Cold Storage Area2

Office Building2

Residence, Single Family3
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Figure 1: Energy use intensity of various building types.

Figure 2: Energy Monthly-average daily electric energy  
consumption for the refrigerated warehouse during a one-year  

period ending January 2015.
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RENEWABLE ENERGY TECHNOLOGY
Although many renewable energy technologies could meet 
the electrical energy needs of this refrigerated facility, we are 
limiting the analysis to photovoltaics (PV), wind, and a hybrid 
system consisting of a combination of PV and wind energy 
generation. Both PV and wind energy technologies have been 
widely implemented at the utility-scale sizes consistent with the 
generation required for enabling this refrigerated warehouse 
facility to achieve net zero energy performance.

The analysis of renewable energy options for this facility was 
simulated using the System Advisor Model (SAM) software 
package.1 SAM allows users to simulate the energy and economic 
performance of various renewable energy technologies for a 
given location. The simulations performed with SAM aim to 
determine the necessary sizes and capital costs for renewable 
energy systems to produce sufficient delivered electrical energy 
equal to or greater than the actual required annual electrical 
energy for the facility (7,717,792 kWh). As noted in the 
“Challenge of Net Zero” sidebar, a critical assumption in this 
analysis is the utility grid will freely “supply” needed electricity 

during periods of on-site under-generation and “credit” the 
facility during periods where the renewable electricity generation 
exceeds instantaneous electrical demand by the facility. The 
renewable energy generation is sized so that, on an annual basis, 
the net-metered electricity for the facility is zero.

SIMULATION PARAMETERS
One of the measures of performance included in the analysis 
is the “levelized cost of electricity” (LCOE) that represents the 
average cost of electricity (kWh) generated by the renewable 
energy system over an assumed 25-year life-cycle, adjusted  
for inflation. SAM calculates LCOE as follows: 

where:

η = 25 years

CAfterTax,n = cash flow after taxes in year n [$]

dreal = 0.082

Q n = 0.025

dnom = (1+dreal)(1+e)

The variable dnom represents the nominal discount rate and dreal 
represents the real discount rate. The parameter e is the inflation 
rate assumed at 2.5%. Since the nominal discount rates vary, 
the LCOE results are shown parametrically for discount rates of 
2%, 4%, and 6%. The default system pricing data in SAM were 
used for this analysis, and the price of land was not included due 
to wide variations in real estate values and the relatively small 
impact that land acquisition will have on total installation cost.4 

In addition to the above-mentioned economic parameters, 
location information and the associated estimates of resources 
(incident solar radiation) are required. Typical Meteorological 
Year (TMY) data is used in the PV analysis and two different 
locations: Madison, Wis., and Phoenix are evaluated. Figure 
3 shows the distribution of PV resource for the United States, 
noting more resource availability for PV in Phoenix compared 
to Madison. This resource variability creates further economic 
differences between locations. Figure 4 shows wind energy resource 
availability for the United States at an elevation of 262.5ft (80m).6

NET ZERO WITH PHOTOVOLTAIC
The PV technology assumed in the present analysis are PV 
module(s) with inverters. The PV modules considered here are 
among the most mature and studied PV technology: mono-
crystalline silicon. Fixed mount arrays with a slope of 33° were 
chosen for both locations. The degradation rate characteristics  
for this PV technology are well known and assumed to average 
0.4% per year.7 We assume the power inverters are sufficiently 
large as to avoid “clipping” the generated dc power; thereby, 
avoiding any “wasting” of electricity generated by the PV modules.

Common net zero energy building concepts and their 
implementation rely on electricity being provided from 
traditional generation sources (nuclear, natural gas,  
and coal-fired plants) during periods where the facility’s  
electric demand exceeds the on-site electric production  
by renewable sources. Furthermore, most net zero buildings 
rely on the electric utility to readily receive any excess  
on-site electricity production during periods when the  
on-site production exceeds the facility demand.

Although utilities may be able to accommodate this 
operating strategy today because the penetration of net 
zero buildings (more broadly, renewable energy production) 
is low, their continued ability to receive excess electricity 
production from intermittent renewable energy generation 
sources with further growth into the future is limited without 
some means of cost-effectively storing energy. Conceptualise 
trying to achieve net zero refrigerated facility without being 
grid-connected – now that is a challenge!

 THE CHALLENGE OF “NET ZERO”

Space Setpoint 
(°F)

Area 
(Ft2)

Height 
(Ft)

Volume 
(Ft3)

Dock 1 32 4,425  28 123,900

Freezer 1 -25 16,000 42 672,000

Dock 2 38 19,800 28 554,400

Cooler 1 35 15,600 42 655,200

Freezer 2 -2 47,050 42 1,976,100

Freezer 3 -20 64,000 42 2,688,000

Totals: 166,875 6,669,600

Table 1: Refrigerated space specifications.
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PV results for Madison, Wisconsin
For the Madison location, a PV system comprising of 18,669  
solar modules with 19 power inverters capable of producing 
5,700 kWdc is required to meet the annual electrical energy 
needs for the refrigerated warehouse. 

Key results for the net zero PV system in Madison are shown  
in Table 2. The 7,834 MWh of annual electrical energy generated 
by the PV system is just slightly greater than the actual facility 
requirement of 7,717 MWh. 

The capital cost of the system is estimated at $9.1 million and 
the installation would require 25.1 acres (10.2 ha) of suitable real 
estate to adequately site. 

The capacity factor of 15.7% for this case represents the ratio  
of the actual electrical energy produced by the PV system to  
the electrical energy the PV system could produce if it operated 
at its rated capacity throughout the entire year. 

Table 2 shows the levelized cost of electricity (LCOE) for the  
PV system in Madison over a range of discount rates. For the  
2% discount rate, the average cost of electricity for the 25-year 
life is 11.49 cents per kWh.

PV results for Phoenix

For the same PV technology applied to a similar facility located 
in Phoenix, the greater solar resource there allows the system 
size to decrease to 13,755 modules with a nominal capacity of 
4,200 kWdc along with 14 inverters to meet the annual electricity 
requirement. 

Table 3 shows the key results for Phoenix. The capital cost in this 
case is just under US$7 million and the required land area to site 
the PV system decreases to 18.5 acres (7.5 ha). The greater solar 
resource in Phoenix also translates into a higher capacity factor 
of 21.3%.

Table 3 also shows the LCOE over the same range of discount 
rates as considered for Madison. Because the annual electrical 
power for the facility can be met with a smaller solar system, the 
LCOE is less than the Madison case. At a 2% discount rate, the 
LCOE is a competitive 8.55 cents per kWh.

Madison, Wis.

Phoenix

Figure 3: PV resource map for the United States.5

Figure 4: Wind energy (at 265.5 ft elevation) resource map  
for the United States.6

Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

7,834,734 9,133,249 15.7 25.1

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 11.49

4 11.68

6 11.68

Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

7,838,937 6,852,295 21.3 18.5

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 8.55

4 8.69

6 8.85

Table 2:  Madison, Wisconsin, net zero PV results  
and levelized cost of electricity (LCOE).

Table 3: Phoenix net zero PV results and LCOE.
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Figure 5 shows the monthly-average daily electrical energy 
consumption for the facility and the PV production on the 
same basis for both the Madison and Phoenix locations. The 
greater solar resource in Phoenix is evident in the ability of the 
PV-produced electricity to more closely track the actual facility 
demand on a monthly average basis.

NET ZERO WITH WIND ENERGY
When selecting wind turbines, it is essential for the equipment 
operating profile to match the characteristics of the wind 
resource expected at the location of interest. The wind turbines 
in both locations are utility-scale machines with 262.5 ft (80m) 
hub heights. The land requirement to support the wind energy 
generation option is larger than the PV system because of the 
required fall radius. The fall radius represents the spacing 
between each of the wind turbines such that potential energy 
loss of downwind turbines from upwind shadowing is mitigated. 
NREL recommends a minimum fall radius of five to 10 rotor 
diameters to optimize energy production.8 The results for the 
wind turbine options below are based on a fall radius of eight 
rotor diameters.

Wind results for Madison
The wind energy generation option for Madison consists of four 
turbines, each with a rating of 750 kW. Interestingly, the wind 
resource in Madison is sufficient to produce a capacity factor of 
nearly 32%. Key results for the net zero wind system in Madison 
are shown in Table 4. The installed cost of the wind energy 
option is $19.1 million, significantly higher than the PV option. 
The higher capital cost leads to a marked increase in the life-
cycle cost of electricity (also in Table 4). For comparison to PV, 
the average cost of electricity for the 25-year life is 21.15 cents per 
kWh for the 2% discount rate.

Wind results for Phoenix
The wind turbine analysis in Phoenix uses 12 turbines with a 
600 kW rating each. Wind energy in Phoenix struggled to meet 
annual electricity requirements for the facility, resulting in a 
capital cost of more than twice that of a similar setup in Madison 
and six times more than the PV system in this same location. 
The high capital cost is a result of comparatively poor wind 
resource in Phoenix as expected based on the wind resource 
shown in Figure 4. This low wind resource results in large 
required siting area footprint and a lower capacity factor shown 
in Table 5. This table also shows the LCOE over the same range 
of discount rates as considered for Madison.

When considering wind turbine power production, both 
locations struggled during the hottest months of the year, when 
facility electrical demand peaks, as evidenced by reviewing the 
results shown in Figure 6. This mismatch of facility demand 
and on-site renewable energy production puts added stress on 
the electric utility since they are relied upon to bridge the gap 
between facility demand and comparatively poor renewable 
energy system output.

Figure 5: Actual monthly-average daily facility electrical energy 
consumption along with the predicted monthly-average daily 

electricity generated by the PV system to achieve net zero 
performance for both Madison and Phoenix.

Figure 6: Actual monthly average daily facility electrical energy 
consumption along with the generated electricity for wind  

to achieve net zero.
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Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

8,370,403 19,141,380 31.9 66.7

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 21.15

4 21.78

6 22.45

Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

8,529,605 45,393,908 13.5 218.9

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 51.84

4 53.26

6 54.73

Table 4:  Madison, Wisconsin, net zero  
wind energy-based results and LCOE.

Table 5: Phoenix net zero wind energy-based results and LCOE.
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Figure 7 shows the monthly-average daily electric energy 
required for the refrigerated facility along with the monthly-
average daily electricity generated by PV and wind. During 
summer months, the production of electricity by PV is high 
while the wind energy is low. The opposite occurs during the 
wintertime, suggesting the potential for synergy between PV and 
wind resources. The “hybrid” system arrangement combines 
the two energy generation methods to evaluate how each 
complement the other.

Hybrid renewable energy system results  
for Madison
Based on the PV simulation results, the refrigerated facility 
located in Madison would benefit from supplemental energy 
generation during the winter months when the day length is 
short and the solar resource comparatively low. A combined 
PV-wind turbine case is evaluated where most of the power 
generation is derived from the PV modules, as they were  
capable of generating most of the electrical demand year-round. 
The same PV modules and inverters were selected, but the PV 
system design was scaled back. The PV system was designed to 
generate 4,000 kWdc, translating to 13,104 modules. This part  
of the on-site electricity generation requires 17.6 acres (7.1 ha)  
of land to install. The design of the wind energy generation 
system includes one turbine with a nameplate capacity of  
810kW. This single wind turbine only requires enough land  
to satisfy required offsets. 

Using the same weather data and economic parameters, the 
simulation shows the installed cost is about 28% higher than 
the cost of only installing PV panels, but this arrangement 
provides added reliability with two renewable energy generation 
sources available. All relevant parameters for the hybrid power 
generation simulation located in Madison are summarized in 
Table 6. The addition of wind energy production enabled an 
increase in the capacity factor compared to PV-alone; however, 
the increased system cost translates into a higher overall LCOE, 
as also shown in Table 6.

Figure 8 shows the hybrid power generation system  
design discussed above creates an annual trend that is  
much more in phase with the actual demand of the facility.  
The maximum rate of energy deficit with the hybrid system  
is only 3,090 kWh/day, compared to 4,780 kWh/day with the  
PV system, and 10,460kWh/day with the wind turbine system. 

Hybrid renewable energy system results  
for Phoenix
The hybrid system design for Phoenix emphasized PV  
power generation due to the greater solar resource there with 
supplemental energy derived from wind turbines to produce 
more reliable time-dependent power generation. This specific 
design uses one wind turbine, coupled with 11,788 PV modules 
and 12 power inverters. 

Table 7 summarises the hybrid system characteristics in  
Phoenix, and it shows that the cost of this system is higher  
than the PV-only system.

Figure 7: Actual monthly-average daily facility electrical energy 
consumption along with the generated electricity for PV and  

wind-energy systems to achieve net zero.

Figure 8: Simulated power generation using hybrid design  
compared to actual facility demand in Madison.
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Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

7,950,290 11,716,320 18.9 19

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 16.85

4 17.14

6 17.44

Table 6:  Madison, Wisconsin, net zero  
hybrid power results and LCOE.

Results

Annual energy 
generated 

(kwh)

Installed 
cost ($)

Capacity 
factor (%)

Land area 
(acres)

7,934,221 11,658,626 20.1 18

LCOE With Varying Nominal Discount Rates

Discount rate (%) Nominal LCOE (c/KWH)

2 16.65

4 16.94

6 17.24

Table 7:  Phoenix net zero hybrid power results and LCOE.
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Figure 8 depicts the performance of the hybrid system. Despite 
varying weather throughout the year, the rate of electricity 
production remains fairly constant but is still not as consistent 
as PV alone in the Phoenix location. Although analysis of 
hybrid designs can vary widely depending on the percentage of 
electricity that originates from either the PV system or the wind 
turbines, the hybrid system for Phoenix had a greater power 
production deficit than the PV only system due to the poor wind 
resource in this climate/location. The maximum daily electrical 
deficit of the PV system in Phoenix is 1,620 kWh, compared with 
2,430 kWh for the hybrid system consisting of only one wind 
turbine. 

The wind resource in Phoenix is simply not large enough to gain 
any appreciable advantage when considering the large capital 
cost required to purchase and install wind turbines in that 
location. Coincidentally, the solar resource in Phoenix is not only 
high, but consistent, so PV solar becomes the preferred option. 

CONCLUSIONS AND NEXT  
RENEWABLE CONSIDERATION
The use of a photovoltaics, wind, and a combination of the two 
offers the theoretical potential to achieve a net zero refrigerated 
warehouse. The electric data used as a basis for sizing the systems 
is taken from an actual operating facility and applied in the 
present analysis to two locations: Madison, Wis., and Phoenix. 
In reality, the electrical energy use profiles for two equally sized 
facilities would vary between these locations but maintaining 
a consistent electricity demand for the facility, independent of 
the location, allowed assessment of the comparative renewable 
energy resource.

The analysis shows that PV can be used to achieve net zero at 
a LCOE of approximately 11.5 cents per kWh in Madison and 
8.6 cents per kWh in Phoenix. Wind energy generation yielded 
a LCOE of approximately 21.2 cents per kWh in Madison and 
51.8 cents per kWh in Phoenix. The high cost for Phoenix is 
reflective of the relatively poor wind resource available in that 
location. A PV+wind energy generation hybrid was also analyzed 
and the LCOE yielded 16.9 cents per kWh in Madison and 
16.7 cents per kWh in Phoenix. These results also show that all 
considered systems rely on grid-connected electricity since there 
are significant periods when the facility electric demand exceeds 
the PV system electric production and vice versa. We also need 
to emphasize that the economic results presented in this article 
do not consider the cost of land for siting the renewable energy 
production and associated land-use planning issues. Both of 
these are significant and highly variable depending on the 
specific siting of the facility and its renewable energy generation. 

As a result, the LCOE values provided in this paper should be 
considered as optimistic.

Based on the size and production profiles of the energy systems 
required in this analysis, it is clear that any real attempt at a net 
zero refrigerated warehouse would require maximum efficiency 
improvements coupled with refrigeration load shifting, electrical 
storage, and other creative solutions. What these solutions look 
like will require more detailed analysis to find the optimal 
balance between loads and electrical production. ❚
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Figure 9: Simulated power generation using hybrid design  
compared to actual facility demand in Phoenix.
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