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Back-up PV System Design for the Data Center
in Colorado, US

Group 22: Tom Smits, Werner van Dijk and Ziyi Liu

Abstract—The back-up generation systems of data
centers are largely fossil-fuel based to safeguard the
supply continuity. However, there is increasing atten-
tion for a green alternative. This report proposes a
hybrid grid-tied PV system design with additional
battery bank and simulates the operation for one year.
The results demonstrates a reliable power supply to
meet the critical load during blackouts and showcases
the financial feasibility of such sustainable solution.

Index Terms—PYV system, Data center, Energy back-
up, Battery bank

I. INTRODUCTION

This report aims to provide a green alternative for the
back-up generation of data centers. Data centers are
heavily relying on continuity of power supply since they
have the obligation to provide their clients with their
data at all time. When a data center fails to provide
the required data it has to financially compensate its
clients. To avoid such a situation, data centers are often
accompanied by back-up generation systems [1]. These
systems are however commonly relying upon fossil fuels,
since these sources can facilitate instantaneous power and
therefore provide a high ‘power security’. To successfully
effectuate the energy transition, it is vital to also provide
these systems with a green alternative.

The solution provided in this report is a hybrid grid-tied
solar PV system with additional storage capacity, which
backs up a data center in Boulder, Colorado (USA). To
maximise the practical feasibility of our solution, a full
spectrum of parameters is taken into account during the
design phase. This spectrum includes, amongst others:
location/weather issues, module orientation, module
temperatures, array typology, battery reliability and cost
behaviour.

This report is divided into 8 chapters. Chapter 2
will provide a situational overview, which includes
information on the location and load characteristics of
the data center. Chapter 3 will further elaborate on the
specific load behaviour of the data center. In Chapter
4, the design of the PV system is described, which also
reflects on the previous chapters. Chapter 5 discusses
the losses of the system. This is followed by a yield
analysis, which is discussed in Chapter 6. This chapter
also evaluates to what extent the system meets the
reliability requirements. In Chapter 7 the profitability
of the system is assessed, which is also compared to the
actual reliability of the system. Chapter 8 will provide the

conclusion of this report, by providing the key take-aways
of our green back-up generation solution.

Answers to specific questions of this assignment are
highlighted in bold.

II. LOCATION SURVEY

The data center is located in a warehouse park in
Boulder, Colorado, which is situated in the middle of
the United States of America. Table [I] gives a overview
of the geographical data. The surrounding area can
be characterized as a valley with low vegetation which
only houses low-rise buildings. The horizon is therefore
free of obstacles, which leads to favourable irradiation
properties. The data center has a flat roof with a total
available surface area of 170m2. The hourly weather
data is obtained from the Meteonornﬂ including solar
irradiance, temperature, humidity, wind speed and wind
direction.

TABLE 1
LOCATION OVERVIEW
Location Latitude  Longitude  Altitude GMT
Boulder, Colorado  40.017°N  -105.25°W 1634m -7

Due to construction work, blackouts are occurring once
a week, always on Monday. A blackout has a duration of
7 consecutive hours. The exact timing of the blackout is
however inferred to be randomly distributed.

The local electricity price is €100/ MWh and the agreed
‘no-data’ compensation is €2.1/hr per client (45 in total).

III. LOAD ANALYSIS

The load profile of the data center of a single day is shown
in figure[l] This load profile is the same on every day of the
year. The blue line represents the total power demand, and
the red line represents the critical power demand, which
must always be met, also in the case of a outage. The
total energy consumption of the data center per year is
6236 kWh. The total peak load is 8.5 kW and the minimal
total load is 6.1 kW. The critical load always is 5.8
kW.

1Meteonorm includes more than 30 different weather parameter
for typical years all over the world. https://meteonorm.com/en/
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Fig. 1. Load profile of the data center

IV. PV SysTEM DESIGN

In this section, the determination of various parameters,
as well as the selection procedure for different components
for the PV system are described.

A. PV modules

Optimal tilt and azimuth

Based on the location data, the best tilt and orientation for
the PV module are determined in an enumerated way with
one degree resolution. The annual irradiation incidents
on the module are calculated and compared across 32760
combinations of tile and orientation (#ilt € [0°,90°] and
azimuth € [0°,359°]). Eq[I}[6l demonstrate the calculation
process of the irradiance on the module.

cos(AOI) = cos(apr) * cos(as) * cos(Ap — Ag)+

sin(apr) * sin(as)

SVF = H%S(OM) (2)

Gpirect = DNI x cos(AOI) (3)
Gpiffuse = DHI + SVF (4)
Gatpedo = GHI xax (1 — SVF) (5)
Gaor = Gpirect + Gpif fuse + G Atbedo (6)

DNI, DHI, GHI represents Direct Normal Irradiance, Dif-
fuse Horizontal Irradiance, Glocal Horizontal Irradiance
respectively; AOI is the angle of incidence and SVF is the
sky view factor; aps and Ajs are the altitude and azimuth
of the module while oy and A, are altitude and azimuth of

the sun; 6, is the tilt of the module. The azimuth angle
convention is set as N=0°, E=90°, S=180°, W=270°.

Fig. [2| illustrates the annual irradiation under different
combinations. The largest irradiation is obtained at 65, =

35° and A,; = 178° where the annual irradiation is
1.9383MWh/m? (as showned in Fig.
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Fig. 2. Irradiation contour plot at Boulder
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Fig. 3. Hourly irradiance (6p; = 35°, Apy = 178°)

DC-side yield

To estimate the performance and DC yield of the PV
modules, firstly the module temperature under the envi-
ronmental conditions at the roof of the data center has to
be calculated for every hour of the year. To calculate the
temperature of the module during operation accurately,
the fluid-dynamic model is used . This model takes into
account various meteorological parameters, including for
example wind speed and irradiation. To calculate the mod-
ule temperature (Ths), Eq. El can be used, which includes
the ambient temperature (7,), the sky temperature (Tsky),
the ground temperature (T, ), the irradiation G and «,
the absorptivity. Also, the convective heat transfer coef-
ficients of the ground, the sky and the overall convective



MAIN ASSIGNMENT 2 OF ET4378 PHOTOVOLTAIC SYSTEMS (2019/20 Q4) 3

heat transfer coeflicient, h, sy, r gr. and he, respectively,

are included.

oG + heTy + e skoy Loty + P gr. Tgr. 1)
he + By sky + P gr.

However, h; - and h;, s, are also functions of T3, and
therefore Eq. [7] has to be solved iteratively. After per-
forming these calculations, the result as depicted in Fig.
is obtained, which shows the module temperature for the
first 200 hours of a year, as well as for every hour of the
year. Also a comparison between the module temperature,
wind speed, ambient temperature and the irradiation for
the first 200 hours of the year is given in Appendix [A] to
get a feeling of the influence of these parameters on the
module temperature.
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Fig. 4. Temperature of the PV module

The operative efficiency is calculated by two step according

to , namely first considering the variable irradiance at

a constant temperature of 25°C and then combining the

impact of temperature (Eq. Then power generated

before BoS and voltage level are obtained by Eq[T4}{T5]
STC

PMAX (8)

= 1/STC , 715TC
Voo™ * Isc

FF

y25°C.Gaor _ yysTC | * kp * Tic
=Voe —_—

o0 *ln(m) * N

Gsrc

G aor
Gsrc

25°C,Gaor __ 7STC
ISC - ISC

25°C,Gaor __ 25°C,Gaor1 25°C,G aor
P — FF« V2, 1%

MAX
P25°C,GAOI
,]725°C,GAOI - _MpPP (].2)
Apm * Gaor
nTM,GAOI — n25OC7GAOI * (1 + keff * (Tm - 25)) (13)
PAT;IJSQ,)?AOI _ ,r]TM,GAOI x A * Gaor (14)

PTM,GAOI PTM,GAOI
VTM,GAOI _ I MAX _ MAX (15)
MAX 75m.Gaor 725°C.GsTe | Gaor
MAX MAX Goro

PV module selection

The selection of PV modules is constrained by the load
situation. The minimum requirement is implicated by the
7-hour critical load during the black-out. Specifically, since
the black-out could start at the random hour on Monday,
the power generated from Tuesday to Sunday must be
sufficiency to fully charge the battery, namely bigger than
the 7%5.8 = 40.6kWh. The maximum limit is determined
by the requirement that the PV system must not produce
any excess of energy at any time during grid-tied mode.
Table [T shows the results when testing four PV modules
with Maximum Power ranging from 380W, to 395W,,.

TABLE II
NUMBER OF REQUIRED PV MODULES

Module Type Minimum number Maximum number

JKM380M-72 8 16
JKM385M-72 8 16
JKM390M-72 7 15
JKM395M-723 7 15

Considering that the blackout situation is due to a tempo-
rary construction work, a minimum number of PV mod-
ules is preferable to reduce the system costs. On the other
hand, to avoid the rather high compensation cost, a high
supply reliability is required to guarantee that the critical
load demand is met. As for the two available products,
the module efficiency of JKMxxxM-72 series is higher
than that of JKMxxxM-72H under the same maximum
power. Therefore, 8 PV modules of JKM390M-72 are
selected for the implementation. Table [[II| shows the key
parameters of selected module.

TABLE III
PARAMETERS OF THE PV MODULE JKM390M-72
Parameter Value
Maximum PowerPys 4 x 390W
Open-circuit Voltage Voc 49.3V
Short-circuit Current/gc 10.12A
Module Efficiency STC n 19.67%
Module Area A, 1.983m2 (1.979m*1.002m)
Temperature Coefficients of kp,, . -0.37%/°C
Temperature Coefficients of kv, -0.28%/°C
Temperature Coefficients of kr__ 0.048%/°C
Single Module Cost 339.3€/per

Based on Eq. the hourly DC yield and voltage (single
module) are obtained as shown in Fig. 5| Fig. @illustrates
the monthly power distribution for all 8 modules. The
total DC-side yield is 5825 kWh.
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Fig. 5. Hourly DC-side yield and Voltage level-JKM390M-72
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Fig. 6. Monthly DC-side yield-8*JKM390M-72

PV array

To guarantee no row-to-row shading, Eq. [I6]is utilized to
calculate the required distance, considering the worst day
- Dec 21t from 9AM to 3PM. Fig. E illustrates the sun
path at four days and analemmas of five time points across
the year.

sin(0ar)

d=1lx tan(ag)

(cos(Opr) + xcos(Ay — Ag))  (16)

There are several topologies to deploy the 8 modules, e.g.
2 rows*4 columns, 4 rows*2 columns, etc. In reality, the
typology should be adjusted according to the condition
of the roof surface. Here 2*4 array is chosen to compare
portrait and landscape deployment scenarios. Table [[V]
demonstrates the row-to-row distant, required area and
Ground Coverage Ratio (GCR) using Eq. and Eq.
(Arearooy = 170m?). Thus, a minimum area of
71.15m? is required to avoid row-to-row shading
with a corresponding GCR . of 0.0764.The low GCR
implicates a poor land/roof usage and a high potential for
more PV installations.
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Area = ((2—1)xd + 1% (cos(Opr)) x4 x w (17)
2% 4% xw
GOR=""— (18)
Arearoof
TABLE IV
PV ARRAY PARAMETERS-2 ROWS*4 COLUMNS
Scenario 1 w d Area GCR
Portrait 1.98m 1.00m 5.11lm 71.15m? 0.0764
Landscape 1.00m  1.98m 2.56m 71.15m?  0.0764

B. BoS Components

Inverter selection

The inverter should be able to deliver the critical load
when needed, which is 5.8kW. Furthermore, the inverter
should work at 240V4c. This translates into a peak
current of 5800W/240V = 24.17A. These requirement
are fulfiled by the Conext XW Pro Inverter for
North America’ inverter from Schneider. The
other inverter is not able to work under the situational
requirements, such as the required 240V 4¢.

During a black-out the only two components active are
the battery and the inverter. Looking at the output
currents of these two components, we concluded that the
inverter is output limiting. The maximum current the
inverter could provide is 52A at 240V.

The inverter will cost 6800W,*€0.64 =€4,352. A
summary of the inverter properties can be found in Table

A

Battery selection

The voltage of the batteries have to be aligned with the
inverter voltage range. The chosen inverter has a nominal
input voltage of 48Vp¢. The battery used for this system,
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TABLE V
PARAMETERS OF THE INVERTER

Parameter Value
Power 6800W

Efficiency (at critical load) 91.7%

Efficiency (at normal supply to load)  78.25%-88.4%

Input voltage 48Vpco

Peak current 52A
Total costs €4,352

the 8A4DLTP-DEKA, has a nominal voltage of 12V.
Therefore, 4 batteries connected in series would result in
4% 12V = 48VDc.

From Chapter 3, it can be concluded that the critical load
during blackout is 40.6kWh. This energy has to be deliv-
ered by the batteries while they maintain a minimum 40%
state of charge (SoC). Subsequently, the depth of discharge
(DoD) is not allowed to be lower than 60%. Furthermore,
when calculating the required battery capacity to fulfil the
needs of the system, an inverter efficiency of 95% should
also be taken into account. This results in the following
capacity:

Total demand(kW h)
Ninverter * (1 - Socmzn)

DEKA has specified a capacity of
a discharge rate of C/20. Using the nominal
voltage of 12V, the capacity of one battery is
198Ah x 12V = 2376Wh =~ 2.4kWh. The total
battery capacity would thus be fulfilled when
73.6kWh/2.4kWh = 31 batteries are used. However,
given the fact that 4 batteries are connected in series, a
multiple of 4 has to be used. Therefore, 32 batteries are
used to ensure the power supply. As a result 32/4 = 8
batteries are placed in parallel. This leads to a total
capacity of 76.8kWh. The parameters of the battery pack
can be found in Table [VI|

= T73.6kWh

Ctot,battem’es =

198Ah at

TABLE VI
PARAMETERS OF THE BATTERY PACK
Parameter Value
Capacity 76.8kWh
Efficiency 95%
Voltage 48V

C/20 198Ah
Total costs  €13,760

Charge controller selection

To ensure maximum use of the solar PV array power, the
charge controller should match the total power of the PV
array. The cheapest charge controllers, which is also the
least oversized, is the Schneider Conext MPPT 60
150 charge controller. This charge controller has a power
capacity of 3.5kW. Our PV system consists of 8 panels,
each having a power of 390Wp. Our charge controller will
therefore not limit the PV array on a power basis.

Furthermore, the voltage and current of the PV array
should also not exceed that of the charge controller. The
PV panels have a V. of 49.3V and a I,. of 11.12A. The
PV array for this system has 4 parallel strings, each having
2 panels connected in series. The maximum current is
therefore 4x10.12A = 40.48 A and the maximum voltage is
2%49.3V = 98.6V. Concluding from the charge controller
information in Table [VII] it can be concluded that the
current and voltage levels are respected by the PV array
output.

TABLE VII
PARAMETERS OF THE CHARGE CONTROLLER

Parameter Value
Power 3500W

Efficiency 98%

Max Amperage 60A

Max Voltage 140V

Total costs €530

V. SYSTEM LOSSES

The efficiency of the system differs amongst the grid-tied
mode and black-out scenario. This is mainly caused by
a difference in inverter efficiency. The inverter efficiency
is namely slighly higher during the grid-tied mode, since
the rated output power of the inverter is the highest in
this case. During grid-tied mode a lower amount of power
passes through the inverter, which subsequently leads to
a lower inverter efficiency.

To estimate a more realistic inverter efficiency over time,
the average inverter efficiency is calculated on a monthly
basis. This is based on monthly averaged loads. An
overview of the system losses can be found in Table [VITI]

Furthermore, for one day per month an hourly inverter
efficiency analysis is performed. This can be found in

Appendix [B]

TABLE VIII
SYSTEM EFFICIENCIES
Component Efficiency (%)
Inverter (grid-tied) 78.25-88.4
Inverter (black-out) 91.7
Charge controller 98
Batteries 95
PV modules 19.67

VI. DC anp AC YIELD

The system has to adhere to the requirements mentioned
in the previous sections. The most important requirement
is the avoidance of a grid-tied production which exceeds
the load. Figure [§] shows the production of the PV array
and the load over time. As can be seen, the output of the
PV system never exceeds the load. The exact difference
between the load and the grid-tied production is shown in
Figure[9} As can be seen, the difference is negative for the
full year.
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is negative over the full time, showing that the feed-in prohibition is
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Furthermore, the batteries are only allowed to slightly
exceed a 40% SoC for less than 10% of the time. The
SoC behaviour of the battery is shown in Figure which
shows that the SoC is only violated for 3.7% of the time.
Figure [I1] provides a zoomed-in overview of the difference
between the minimum SoC and the lowest SoC measured
in the system.
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Also, the batteries have to be able to recharge in 6 days
to ensure that the critical load can be supplied during a
black-out. Figure [I2] shows the hours the system required
to fully recharge, per week. As can be seen the maximum

SoC of the batteries over time
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Fig. 11. Difference between lowest measured SoC and minimum

required Soc, showing that a violation of the minimum SoC only
yields to a difference of 1.75%

recharge interval is 139 hours, which is 5.8 days. It can
thus be concluded that the system is reliable over time.
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Fig. 12. Recharge times required for the batteries to be able to fully
supply the critical load, measured per week.

As mentioned in the Section IV, the total DC-side
yield is 5.8MWh. the total AC-side yield is c. 4.6MWh,
specifically 2.1MWh to supply the critical load during
blackouts and 2.5MWh to the main grid under the grid-
tied mode. This yields an efficiency of 79%.

VII. COST ANALYSIS

The capital expenditures associated with our designed
system are broken down in Table [X] Table [X] shows the
price parameters which are used for the cost calculations.

TABLE IX
CAPEX BREAK-DOWN OF THE FULL INSTALLATION
Equipment Cost (€)
PV panels 2,714
Inverter 4,352
Mounting structure 256
Charge controller 530
Batteries 13,760
DC/DC switchgear 370
AC/AC switchgear 450
Assecories 1,716
Total capex 24,148

Provided that the electricity price

is stable over the full

year, one year of grid-tied operations would result in



MAIN ASSIGNMENT 2 OF ET4378 PHOTOVOLTAIC SYSTEMS (2019/20 Q4) 7

TABLE X
PRICE ASSUMPTIONS

Price
€2.10/h
€0.10/kWh

Type
Black-out fee
Electricity price

saving about €250 of electricity expenses. This results
of a grid-tied AC yield of c. 2.5MWh. However, this
does not weigh up against the required capex which is
shown in Table [X1

The profitability of the system of this project depends
heavily on the avoidance of the black-out fees. Provided
that the black-outs occur once a week for 7 hours, the
avoided black-out costs for the data centers 45 clients
would yield to 45 % 52 % 7« €2.1 = €34, 398. Compared to
a capex of €24,148, the system yields a profit of €10,250.

Combining both the grid-tied mode and the avoidance of
black-out costs yields to a total operational cost saving of
€34,648 and a profit of €10,500. Including the supply
of the critical load, the total AC yield is c. 4.6MWh.
The grid-tied production only makes up for less than 1%
of the operational cost savings. The pay-back time of the
system is shown in Figure where the total capex is
plotted against both the black-out cost savings and the
total cost savings.
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Fig. 13. Break-even analysis of the full system, based on a stable
electricity price

The system would also meet the requirements when a
380Wp PV panel is used. However, its reliability would
have been significantly lower. Therefore, it is assessed
if the financial gains of lowering the capacity would
outweigh the decrease in reliability. When running a
380Wp system, the total capex would have been €24,035.
The savings in grid-tied mode are about €244 and the
profit would have been €10,357. Compared to a 390Wp
scenario the profit only increases by 1%.

Furthermore, this assignment is based on the assumption
that the construction is paid with equity investment from
the data center. However, solar PV installation can also
be financed with long-term debt. The financial model

which includes debt under project financing assumptions
is provided in Appendix [C] From the model it can be
concluded that the profitability of the system can increase
up to about 26% when a 15-year loan is installed against
80% leverage. Most of the debt is repaid in year one, with
the avoided black-out costs. The rest of the debt is paid
off by the grid-tied production savings. Furthermore, it is
assumed that the risk of a black-out only occurs in the first
year. During the remaining 14 years, all of the generated
electricity is used to feed the load.

VIII. CONCLUSIONS

In conclusion, with the proposed system, the goal of the
project, providing a sustainable solution for the back-up
generation of the data center, is achieved. The optimal
parameters, topology and components for the system are
determined using the requirements for the system, as well
as the meteorological data at the site.

For this system, the optimal azimuth and tilt of the
modules are determined, as well as the optimal topology.
Further, the most suitable PV module is chosen as well
as an inverter and charge controller. Also it is checked
whether the output parameters of the system are within
the limits of the components that are used. Finally, the
financial part of the system is assessed and it can be con-
cluded the system is not only reliable, but also profitable.
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Fig. 15. Inverter efficiency for one full day - January ime (houre)

Fig. 19. Inverter efficiency for one full day - May
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Fig. 16. Inverter efficiency for one full day - February Fig. 20. Inverter efficiency for one full day - June
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100 Inverter effici over the day - July 100 Inverter efficiency over the day - November
T T T T
90|~ W s e . 90 : -
80 80 |
70 70 ‘
F 60 / | - T 60r 1
S 50 f \ - S 50 | 1
ksl | \ 3 |
5 a0t f { - & a0 | 1
30 “1 - 30| | 1
20 | - 20 | 1
10F | 4 10F | 1
0 / . b 0 . .
0 5 10 15 20 0 5 10 15 20
Time (hours) Time (hours)
Fig. 21. Inverter efficiency for one full day - July Fig. 25. Inverter efficiency for one full day - November
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Fig. 22. Inverter efficiency for one full day - August Fig. 26. Inverter efficiency for one full day - December
APPENDIX C
Inverter efficiency over the day - September
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Fig. 23. Inverter efficiency for one full day - September

100 Inverter effici over the day - October
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Fig. 24. Inverter efficiency for one full day - October
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