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Abstract

With the solar panel prices falling recently, photovoltaic pumping systems (PVPSs) have be-
come an affordable and effective technology for off-grid smallholder farmers in developing
markets like Sub-Saharan Africa. Yet the high upfront cost of PVPSs remains a financial
burden for many low-income farming communities. Although numerous efforts have been
made to further increase the affordability of PVPSs, there is still a lack of investigation into
potential energetic cost savings by improving solar pump efficiency from an architectural
design perspective. In this study, a technoeconomic framework was developed to quantify
the energetic costs of different solar pump architectures. The energetic cost is defined as
the total cost of the solar array, which enables a direct comparison between efficiency and
capital cost. New efficiency prediction models were formulated for 4-inch borehole pump
hydraulics and submersible motors based on surveyed manufacturer specifications. Two
types of case studies on SSA farms were conducted as example analyses in applying the
framework. The operating space level analysis provides a bird’s-eye view of the energetic
cost-savings over the operating space when comparing two solar pump architectures. The
operating point level analysis demonstrates a similar energetic cost analysis to identify the
most energetically cost-effective solar pump architectures for the operating conditions of a
specific SSA farm. By adopting highly efficient BLDC motors in 4-inch solar-powered bore-
hole pumps, energetic cost-savings were found and operating regions not currently served
by high-efficiency solar pumps can now be reached. These results highlight economic
incentives for manufacturers to provide high-efficiency solar pumps to more smallholder
farmers in SSA while reducing the overall upfront cost of PVPSs.
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Chapter 1

Introduction

1.1 Motivation

Recently, there has been a growing interest to provide low-cost photovoltaic pumping
systems (PVPSs) to increase reliable water access for the estimated 50 million smallholder
farmers in Sub-Saharan Africa (SSA), who collectively produce more than 80% of the food
for the region [22, 17]. Studies have shown that increasing reliable water access is an
effective tool to alleviate poverty and strengthen food security, particularly for smallholder
farmers [3, 13]. With the abundance of groundwater at shallow depths, SSA is suitable
for installing electric groundwater pumps to provide reliable water access and improve the
livelihood of rural households [23, 29]. However, many of the smallholder farmers are
off-grid, forcing them to rely on inefficient diesel-powered pumps with high recurring fuel
costs [6]. While the price of solar panels has rapidly declined in recent years, falling from
21 USD/W, 1 in 1992 to 0.81 USD /W, as of 2019 [20, 8], solar-electric systems are
becoming more cost-competitive with diesel-powered systems because the lifetime cost of
diesel fuel has started to outweigh the high upfront cost of the solar array [6]. However, many
smallholders remain financially hesitant to purchase PVPSs since they are more sensitive
to the high upfront cost of PVPS than the high lifetime cost of diesel fuel, creating a barrier

of wide-scale adoption for PVPSs in the region [30].

1Solar panels have power specifications in watt-peak (W), which is the peak electrical power generation
under optimal conditions. The unit USD /W, represents the US dollar amount retail price per watt-peak of
solar panels.
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1.2 Previous Work and Knowledge Gaps

To increase the affordability of PVPSs, numerous efforts have been made in the past decade to
understand the current state of PVPS technologies and develop a wide variety of cost-saving
strategies. When reviewing the current state of PVPS technologies worldwide, Chandel et
al. [5] identified the key strategies to reduce the high upfront cost of PVPSs are through
government incentives and efficiency improvements. By increasing the efficiency of PVPSs,
a large reduction in upfront cost can be achieved since the solar array is often sized based
on the total efficiency of the system and it is generally the dominating cost factor [24]. With
advancements in PV cell technologies, the efficiency of both commercial silicon and thin-
film solar cells has increased 4% over the past decade and their cost of manufacturing has
fallen 90% since the 1970s [5]. Researchers have also found experimentally that cooling
the panel surface with sprayed water during system operation can effectively increase
panel efficiency by more than 3% [1]. Moreover, engineers have developed increasingly
sophisticated maximum power point tracking (MPPT) algorithms over the commonly used
perturb-and-observe method, further increasing panel output efficiency for PVPSs at the

cost of additional computational complexity [18].

In addition to improving PV efficiency, motor power savings of 8% can be achieved by
implementing minimal loss point tracking (MLPT) for solar pump motors in conjunction
with MPPT for the solar array [9]. From the power electronic perspective, a newly designed
low-cost, high-efficiency solar pump driver can achieve a peak efficiency of 93.64% at
0.43 USD /W, reducing the electronic component cost and making PVPS more affordable
in developing markets [4]. In hardware, Sashidhar et al. [33] designed a low-cost high-
efficiency borehole motor with a predicted efficiency of 88% using ferrite magnets, enabling
a potential cost-competitive alternative to both rare-earth magnet motors and induction

motors.

When designing PVPSs for irrigation-specific applications, researchers have developed
a system optimization model based on numerical sizing methods using the loss of load
probability (LLP) to achieve low system cost while guaranteeing system reliability on

crop yield [35]. In addition, newly designed ultra-low-pressure pressure-compensating
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drippers can further increase energy efficiency by maintaining required pumping power
and the volume of water required to irrigate, providing additional cost-savings for solar-
powered irrigation systems [34]. However, while prior art provides multiple avenues to
improve PVPS efficiency and increase affordability, only a limited amount has been done to
investigate the potential impact of efficiency improvement from a solar pump architecture
design standpoint — which considers the pump hydraulic body and the submersible motor.
There is also a lack of quantification on the cost implication that arises from the inefficiency
of the solar pumps, especially from an operating space-wide perspective, in which the

operating space is defined as the flow-rate pressure (Q-H) hydraulic operating plane.

While the solar pump is the primary energy consumer in a PVPS, improving its efficiency
can lead to potential cost savings on the overall system. Extra solar panels are required
to compensate for the power losses through the pump hydraulics and the motor, incurring
additional upfront costs on the PVPS. The upfront cost of the solar array is defined as the
energetic cost in this thesis, which is attributed to the operating hydraulic power and the
inefficiency of the solar pump. Energetic cost-savings exist when considering solar pump
architectures with higher efficiency pump hydraulic and motor options. These energetic cost-
savings can be compared with the potential capital cost premiums of the more efficient solar
pump component options, providing a useful indicator for evaluating the overall solar pump
architecture cost-effectiveness. However, existing sizing software from prominent pump
manufacturers, such as Grundfos, Xylem, and Lorentz, are unable to provide an energetic cost
comparison between solar pump architectures [14, 38, 21]. These sizing software packages
were developed with the intent to design a PVPS for specific operating conditions given
the companies’ already existing product portfolio. Therefore, a technoeconomic framework
that characterizes the efficiency performance and quantifies the associated energetic costs of
different solar pump architectures can be beneficial for both solar pump manufacturers and
PVPS designers. It allows manufacturers and system designers to formulate direct trade-off
comparisons between efficiency benefits and capital cost premiums when selecting hardware

components to construct the optimal solar pump architecture.

To implement a framework that analyzes solar pump energetic costs, the efficiency

performance of pump hydraulic and motor options need to be well-characterized and reliably
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predicted. For the SSA market, 4-inch (101mm) diameter borehole pumps are one of the
more commonly used groundwater lifting methods. This is because boreholes larger than
4 inches are uncommon in SSA due to the cost barrier of drilling and surface suction
pumps are typically unable to reach a water depth of more than 7-10 meters without the risk
of cavitation [28]. However, accurate efficiency characterizations for the 4-inch borehole
pump hydraulics and motors are lacking in the operating space most relevant to the SSA
irrigation market. Some statistical efficiency prediction laws exist [15, 2, 19], but they
not adequate for the 4-inch borehole pump hydraulics on the current market (Section 3.1).
Many theoretical design laws are also oriented toward developing a specific hardware design
of certain geometry, which are unable to extrapolate efficiency predictions for the overall
operating space [19, 15, 37, 26]. Therefore, the efficiency performance of 4-inch borehole
pump hydraulics and motors need to be characterized and new efficiency prediction laws

need to be formulated based on the efficiency characterizations.

1.3 Thesis Overview

This thesis presents a unique technoeconomic framework to quantify the efficiency-related
energetic costs of different solar pump architectures. The efficiency performance of 4-inch
borehole pump hydraulics and motors are characterized within the SSA irrigation space,
by surveying published manufacturer specifications on commercially available products.
New statistical prediction laws were formulated to predict the efficiency performance of the
commonly used 4-inch multistage centrifugal pump (MSP) hydraulic and progressive cavity
pump (PCP) hydraulics (Section 3.1). Statistical prediction laws for commonly used 4-inch
submersible AC induction motors (IMs) were also formulated. The IEC 60034-30-1:2014
international motor efficiency standard was used to represent highly efficient motors, such
as permanent magnet brushless DC motors (PM-BLDC) (Section 3.2). The total efficiency
and volumetric specific energy of 10 solar pump architectures were explored as a function
of flow rate and pressure over the hydraulic operating space using the efficiency prediction
models. The energetic costs were calculated using the technoeconomic framework for the

solar pump architectures of interest in the SSA farm case studies.
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Two case studies were conducted for SSA farms to demonstrate the application of the en-
ergetic cost framework: 1) an operating space-level analysis, and 2) an operating point-level
analysis. On the operating space level, the simulated results provide a bird’s-eye view of the
quantifiable energetic cost-savings between two solar pump architectures over the hydraulic
operating space. It highlights regions in the operating space where economic incentives are
pronounced for manufacturers to adopt the more efficient solar pump architecture. Manu-
facturers can directly weigh the energetic cost-savings simulated by the framework against
the capital costs premiums of the more efficient hardware. By incorporating the energetic
cost framework, manufacturers can better understand the cost implications of efficiency
to design more cost-effective solar pumps for the various SSA operating regions. On the
operating point level, the framework is used to compare the energetic costs of multiple solar
pump architectures viable for the specific operating conditions of an SSA farm. The ability
to generate cross-architectural comparisons allows PVPS designers to identify the most
energetically cost-effective architectures and make informed technoeconomic decisions in
their system design process. Both of these case studies provide an example of how indus-
trial practitioners can use the described framework in their design process to evaluate the
efficiency-related cost implications of solar pump architectures, enabling them to provide
more energy-efficient PVPSs to the cost-sensitive smallholder farmers in SSA at a more

affordable price.
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Chapter 2

Energetic Cost Framework Formulation

2.1 Overview of the Framework Structure

tot tot
O Phyd Pshaft Pelect Parray Carray
¢ ‘ Pump |——|Motor|—| Panel
| H . ‘
n J n T Csol
pump motor SO
| | tirr | ~on
:L _____ v | e———— ;: OR
A) C h | Model Structure |
’ , VU‘O}) | Model Calculations |
’ f ‘ ’ I Model Predictions |
P [kW] . per da; ‘ [ ‘
PLot,: [kWp] ‘ User Specific Inputs ‘
Citay:[USD] kwp

Fig. 2-1. Technoeconomic framework structure to quantify energetic costs of solar pump
architectures.

The technoeconomic framework presented in this thesis quantifies the energetic cost-
savings in terms of the difference in solar array upfront costs, between different solar pump
architectures. The power flow into and out of each solar pump component is calculated

based on the predicted efficiency of the component. The cost of the solar array is pro-
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portional to its power, which is sized based on the total power requirement of the specific
solar pump architecture. The term "architecture" includes two hardware components in a
solar pump: the pump hydraulic body and the submersible motor. The framework model
follows a backward power flow structure as shown in Fig. 2-1. Two parameters define the
performance of a given solar pump architecture - the flow rate, Q [m>/h], and the operating
pressure head, H [m]. The model first calculates the hydraulic power (Pj,4) based on the
hydraulic operating flow rate and pressure using Eq. 2.1. The model then predicts the
efficiency of the specified pump hydraulics (17,ump), in the architecture based on the hy-
draulic operating conditions. The efficiency prediction laws used to predict pump hydraulic
body efficiency are newly formulated based on surveyed manufacturer specifications on
commercially available 4-inch pump hydraulics. These new efficiency prediction laws for

4-inch borehole pump hydraulics are discussed more in-depth in Section 3.1.

Ppya=0Q-H (2.1)

After predicting the efficiency of the pump hydraulic body, the shaft power (P /) is
back-calculated using Eq. 2.2. The shaft power represents the mechanical power required
as input to the pump hydraulic body and output from the submersible motor. Once the
shaft power can be determined, the efficiency of the motor (7,,010,) 1s calculated using
efficiency prediction laws for 4-inch submersible motors. The efficiency predictions for
4-inch submersible motors are formulated based on surveyed 4-inch induction motor on
the SSA market and the IE efficiency ratings [16]. The details of the efficiency prediction

formulations for 4-inch submersible motors can be found in Section 3.2.

(2.2)

With the predicted motor efficiency, the electrical power (P,.;) required for the solar
pump can be calculated from the shaft power using Eq. 2.3. The electrical power re-
quirement is multiplied by a user input parameter of daily system run time to calculate the
total daily electrical energy requirement E,;..; used by the specific solar pump architecture.

Since this study focuses on irrigation as an example application of PVPSs, the system run
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time is defined as the time of irrigation #;... The total power of the solar array (Pta”rfmy) can
then be sized using a location-specific daily average PV output potential PV,,; parameter
provided by Global Solar Atlas [36], as shown in Eq. 2.4. The PV output potential has a
unit of [kWh/kW,] and indicates the average electrical energy generation in kilowatt-hour
(kW h) per kilowatt-peak (kW) of solar array installed at a specific geographical location.
By sizing the solar array based on E,;.. and PV,,;, the framework assumed conservation
of energy produced from the solar array, and the details of this assumption are discussed
in the Section 2.2. The relevant solar GIS map on the modeled PV,,; for Sub-Saharan
Africa is reproduced in Appendix B. The associated total cost of the solar array (C;{;’my),
or the energetic cost of the solar pump, is calculated as the product of the solar array power
(P;‘;’my) and the average solar panel retail price (Cs,;) in the region, as shown in Eq. 2.5.
The total cost of the solar array represents the energetic cost of the solar pump. The solar

panel retail price used in this study is 810 USD/kW,, which is a standard price reported
locally in SSA [8].

Pshar Phya
Pelect = shay = z (23)

motor Npump * NMmotor

_ Eclect _ Peject " tirr

plot = = 2.4

T PV PVt .
P -1

Caray = ool * — g (2.5)
ou

Once the total cost of the solar array is calculated, the energetic cost-savings between
solar pump architectures with different efficiencies can be computed using Eq. 2.6. It is
simply the difference in the total costs of the solar array between two solar pump architectures
of interest. Intuitively, when comparing two solar pump architectures, the more efficient
architecture will result in a lower solar array cost (energetic cost). Equivalently, the energetic
cost-savings are the difference in solar array power between two solar pump architectures
multiplied by the solar panel price. The percentage cost saving between two solar pump

architectures can be calculated using Eq. 2.7.
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ACH = C!  (archy) — CL (archy) (2.6)

array array array

cot (archy) — C!L  (archy)

array array

2.7
Cgr)'ifay(arChl) &7

AC'! (%) =

array

The total cost of the solar array associated with a specific solar pump architecture at a
given location can be broken down into contributions from three individual components: the
necessary hydraulic power (Eq. 2.8), the power required to compensate for the inefficiency
in the pump hydraulics (Eq. 2.9), and the similar power losses due to inefficiency in
the motor (Eq. 2.10). By breaking the energetic cost down into three corresponding
components, it provides a more granular understanding of the dominant cost drivers and
inefficiency contributions to the total energetic cost of a solar pump architecture. It also
enables industrial practitioners to understand where energetic cost is most sensitive to the

efficiency of the solar pump components in the different operating regions.

hyd
Ca?]ray = Cso1 - P;orz;ay * Ntot (28)
Cg;drlzg = Cso1 - P;{;tray : (nmot()r - ntot) (29)
CZ;(;;O; = Cyol - P;L;tmy : (1 - 77mot0r) (2.10)

The total efficiency can be used as a key metric to evaluate the energetic performance
and quantify the efficiency-related costs of different solar pump architectures. It can be
calculated using Eq. 2.11 as the product of the predicted pump hydraulic body efficiency and
the motor efficiency. Equivalently, it also represents the ratio of the useful hydraulic power
output from the pump to the electrical power input to the motor. The newly formulated
efficiency prediction models presented in this thesis can predict the total efficiency of
different solar pump architectures over the Q-H operating space. The total efficiency of the
10 solar pump architectures considered in the case studies is presented as results in Section

3.3.
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Phya

= Npump * Nmotor (2.11)

Ntor =
Pelect

The volumetric specific energy (ey,,) defined in Eq. 2.12 is another important metric
when evaluating the energetic-effectiveness of solar pumps and PVPS designs. It represents
the electrical energy needed to deliver a cubic meter of water, given the efficiency perfor-
mance of specific solar pump architecture. It highlights regions where the per-unit cost of
water is most energetically expensive and per-unit cost-benefits from efficiency improve-
ment is most pronounced in the operating space. The volumetric specific energy has a unit
of [kWh/m?] and can be calculated by normalizing the electrical power requirement by the
operating flow rate. The e, can also be used as an alternative parameter to size the solar
array with the water volume demand as user input. For irrigation specific application, the
water volume demands of a PVPS are specified by the crop water demand (V. ), which is
a daily volume (m3/day) for a given farm area. The simulated volumetric specific energy
of the 10 solar pump architectures considered in the case studies are presented as results in

Section 3.4.

_ Peject

Csys = 7 (212)

With the calculated volumetric specific energy, Eq. 2.13 can be used to compute the
total cost of the solar array for a solar pump architecture based on a specific irrigation
volume demand. The formulation presented in Eq. 2.13 is a mathematically equivalent
alternative to the previously presented Eq. 2.5 when calculating the total cost of the solar

array. The difference is Eq. 2.5 uses #;,, as input requirement while V,,,, is used in Eq.

2.13. The V¢, can be divided by Q to obtain z;;,.

esys * Ve
Citray = z% (2.13)
ou

23



2.2 Framework Scope and Assumptions

The hydraulic operating space considered in this study is constructed based on the operating
ranges of multistage centrifugal pump (MSP) and progressive cavity pump (PCP) hydraulics
commonly used in 4-inch borehole pumps, which are popular in the SSA irrigation market.
This hydraulic operating space has a flow rate ranging from 0.3 m3/h to 18 m?/h and
pressure heads ranging from 10 m to 250 m (Sections 3.1). The operating space is found to
overlap with the majority of the smallholder farm operating requirements based on previous
studies and surveys conducted by the author’s team. In SSA, the majority of the farm sizes
are estimated to range from less than 1 Ha up to 5 Ha [22], with borehole depth ranges
up to 300 m. However, the considered operating space only represents the spatial scope
of the presented case study used to demonstrate the application of the framework. The
energetic cost framework itself can be applied to other pump types, operating locations, and

solar-powered applications.

In addition, the efficiency performance of the solar pumps is characterized in regards
to their best efficiency points (BEPs) using benchmark market data. The benchmarking
method provides an accurate reflection on the efficiencies of 4-inch borehole pumps currently
accessible by the end-users. The BEP determines the hydraulic operating point where a
motorized pump can achieve maximum efficiency by incorporating the operating efficiency
characteristics of both the pump hydraulic and motor. The outputs of the framework are
continuous, calculated as a function of BEP flow rate Qprp and BEP pressure Hpgp, in
contrast to reality where a specific manufacturer may opt to commercialize the solar pumps
at a set of discrete BEPs. A manufacturer may design and produce solar pumps at discrete
BEP flow rates (e.g., 1 m3/h, 3 m3/h, and 5 m?/h) due to design and logistical simplicity.
In high-volume production, solar pump manufacturers are likely to produce a small set of
pump designs with overlapping operating regions, allowing them to reduce the capital costs
of tooling and molds. While the desired hydraulic operating point of a physical system
may not always match exactly with the BEP, the actual efficiency can slightly deviate from
the BEP efficiency. However, the deviation is expected to be small when compared to the

inefficiencies of the solar pump hydraulic and motor.
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The framework presented in this study relates the efficiency of solar pumps to the as-
sociated capital costs in the solar array, defined as the energetic cost. The formulation of
the energetic cost enables direct comparison between the efficiency-related cost implica-
tions and the capital costs of the hardware components. However, capital costs are highly
manufacturer-specific and location-dependent due to variations in labor cost, profit margin,
supply chain complexity, and country duty policies. As a result, capital costs are hard
to generalize and the scope of the framework is limited to providing the energetic cost
quantification - which is dependent solely on the technical performance of the hardware
components. When determining the overall cost-effectiveness of a solar pump architecture,
engineers should formulate a trade-off analysis weighing the energetic cost-savings against
the capital cost difference between hardware components of different efficiencies. If the
energetic cost-savings outweigh the additional capital cost premiums of the more efficient
hardware component (e.g. pump hydraulic or motor), the more efficient hardware com-
ponent should be used in the solar pump architecture as it can result in a greater capital

cost-saving to the overall solar-powered system.

When formulating the framework, assumptions were made to reduce the computational
complexity. The framework was constructed based on the conservation of solar energy
produced on a location-specific daily average. This assumes that the energy generated from
the solar array can be fully buffered in a storage tank or batteries, and the energy can be
transferred in a lossless manner through the system. In a physical system, energy losses can
occur due to pipe friction or internal resistance in the batteries. These energy losses are
expected to be minor when compared to the primary energy losses due to the inefficiency
of the solar pump hydraulic and motor. Therefore, this is a valid assumption for this study

which focuses on the energetic cost related to the efficiency performance of the solar pump.

In addition, the costs of the power electronics and batteries are not captured in this
study. While the cost of these power system components can be correlated to the electrical
power draw of the solar pump, which depends on its efficiency, the actual sizing of the
components depends mostly on the setup and operation of the PVPS in the field. The layout
of the power electronics is dependent on the electrical characteristics such as voltage and

waveform requirements in an actual system. The battery size required in a PVPS is also
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primarily dependent on the energy storage capacity threshold in the battery management
algorithm and the amount of system run time after dark, in which both are set by the user.
Therefore, the costs of the power system components are outside the scope of the presented
framework and industrial practitioners may want to consider their cost associations when

designing the actual system.
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Chapter 3

Efficiency Characterization of 4-Inch

Borehole Pumps

Table 3.1. Simulated 4-inch borehole pump architectures and the respective operating
range.

Architectures Motor Hydraulic Operating Range

IM* MSP Induction Motor

IE1 MSP IE1 Motor 7 < Ng <100

[E> MSP [E2 Mot Multistage | 1m3/h < Q < 18m>/h
oot Centrifugal | 10m < H < 250m

IE3 MSP IE3 Motor Pghagt > 0.12kW

IE4 MSP IE4 Motor

IM* PCP Induction Motor

IE1 PCP TE1 Motor . , é"g <3}2 0 < 32w h

rogressive 3m’/h<Q <32m

IE2 PCP TE2 Motor Cavity 10m < H < 250m

IE3 PCP IE3 Motor Pshare > 0.12kW

IE4 PCP IE4 Motor

* IM represents the surveyed 4-inch induction motors currently in the market.

In this chapter, efficiency characterizations for the 4-inch borehole MSP hydraulic,
PCP hydraulic, and submersible IMs are presented. New efficiency prediction laws are
formulated based on efficiency characterizations. IE motor efficiency ratings are used
to represent higher efficiency motors such as PM-BLDC motors [16]. Total efficiency

and volumetric specific energy of the 10 solar pump architectures listed in Table 3.1 are
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calculated and presented as a function Qprp and Hpgp over the operating space. The
presented results of 77,,; and e, are generalizable for the 4-inch borehole pump architectures
and are not location-dependent, since they are formulated based on only the hardware

performance.

3.1 Efficiency Predictions for 4-Inch Borehole Pump Hy-

draulics

For the irrigation operating space in SSA, two types of pump hydraulic are commonly used
to construct 4-inch borehole pumps: multistage centrifugal pumps (MSPs) and progressive
cavity pumps (PCPs). These two pump hydraulics are appropriate for SSA irrigation space
because they can fit into a 4-inch diameter form factor while meeting a range of flow rate
and pressure requirements. MSPs are constructed with a series of stacked impeller-diffuser
pairs in the pump hydraulic stage, typically mass-manufactured with stamped sheet metals
or injection-molded plastic. In general, MSPs are designed for high flow rate applications.
Pumped fluid in an MSP is moved by the radial motion in the impellers and the impellers
are stacked to achieve a high-pressure head. On the other hand, PCPs are a type of positive
displacement pump generally designed for high-pressure, low-flow applications. Fluid in a
PCP is moved by a custom-machined helical rotor through a series of progressing cavities,
producing high pressure with relatively high efficiency when compared to radial-motion
pumps. However, due to the more sophisticated metal casting and CNC post-machining

processes required to manufacture PCPs, they are generally more expensive than MSPs.

A fundamental parameter in pump design known as the specific speed is important when
considering the efficiency performance and operating characteristics of a pump. Specific
speed is used in the pump industry as an index for characterizing pump design. Itencodes the
operating regime, internal geometry, and the optimal operating condition [32]. The specific
speed N, defined in Eq. 3.1 is a function of rotor speed N, flow rate Q, and pressure head
H measured at BEP. For MSPs, specific speed is calculated using impeller head-per-stage

Hy; [15], and the impeller becomes more radial as the specific speed decreases [19]. Here,
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the European definition of the specific speed is used, with rotor speed is in r pm, the flow
rate in m> /s, and pressure head in m. The rotor speed of the pump is assumed to be 3000
r pm unless otherwise stated, based on the standard AC frequency used in SSA (50 Hz). For
the pump hydraulics of interest, PCPs have a typical specific speed range of 2 < N, < 10,
while MSPs have a higher and wider range of 7 < N, < 100 [15]. An overlapping operating

region exists between these two hydraulics.

\JOm3[s)

Hm) 3.1

Ny = N(rpm) -

3.1.1 Efficiency Prediction for Multistage Centrifugal Pump Hydraulic

To predict the efficiency of MSPs, Giilich [15] presented one of the published statistical
efficiency prediction models. However, Giilich’s formulation is only valid for pumps with a
designed flow rate greater than 18 m>/h (0.005 m>/s). In this study, the MSPs on the 4-inch
borehole pump market generally have a flow rates less than 18 m?/h, where Giilich’s model
is invalid. In 1979, Anderson [2] published an efficiency prediction model for centrifugal
pumps in a statistical study of over 15,000 pumps, with flow rates ranging from 1.44 m>/h
to 1.44 - 10® m3/h (4 - 107 m3/s to 400 m>/s). The original Anderson model is shown
in Eq. 3.2, which predicts centrifugal pump efficiency as a function of BEP flow rate in
liter per second (1 I/s = 0.001 m?/s) and the imperial specific speed N,. The original
Anderson model was modified by Karassik to more accurately reflect efficiency of pumps
with N, > 44 (N, > 2286). The Anderson-Karassik model statistically predicts efficiency
of MSP hydraulic as a function of three variables: BEP flow rate in gpm (1 gpm =6.3-107>
m?3/s), the specific speed (imperial definition), and rotor speed in r pm (assumed to be 3000).

The Anderson-Karassik model is shown in Eq. 3.3 [19].

1400

Mpuierson = 0.94 — (13.2- Q(1/5))™"* = 0.29 - log; o N )2 (3.2)
- Q(gpm). 2286
Moumy = 0.94 — 0.08955 - (N(r—pm)) 021333 _ (.29 - Tog;o( N )2 (3.3)
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The efficiency data of the 4-inch MSP hydraulics presented in Fig. 3-1 were collected
from surveying four primary multistage centrifugal pump manufacturers in the Sub-Saharan
African market. The surveyed MSP manufacturers are Grundfos, Lowara, Pedrollo, and
CNP [14, 38, 31, 7]. The efficiency specifications are based on the published hydraulic
testing results from the manufacturers. The data set shown contains 37 independent impeller
designs that are used in 453 4-inch MSPs sold on the market. Impellers designed for a
specific BEP flow rate can be stacked to create multiple pump models with different BEP
pressures. Based on the surveyed data, 4-inch MSP hydraulics were found to have a BEP
flow rate ranging from 1 m>/h to 18 m3/h and a pressure head up to 250 m. The BEP
flow rate range and BEP pressure range define Q-H operating space for MSPs considered
in this study. The MSPs that have the same impeller designs, but different numbers of
impeller stages, are known to share similar BEP efficiencies when tested. This is because
the majority of the hydraulic losses occur in the first 3 initial stages due to the flow entering
in a nonlinear manner, and adding additional stages has minimal impact on the overall
efficiency of the pump hydraulic (Praneetha Boppa and Kyle Schoenheit, Xylem engineers).
Therefore, the total pressure head or the number of impeller stage do not influence the BEP

efficiency of a MSP hydraulic body.

When compared to the surveyed efficiencies, it was found that both the Anderson and
Anderson-Karassik efficiency prediction models were not accurate in predicting the effi-
ciency of 4-inch MSP hydraulics, as shown in Fig. 3-1. The Anderson model underestimates
efficiency performance while the Anderson-Karassik model overestimates. The two models
result in a respective RMSE value of 14.3891 and 19.5488, respectively, when compared
against the surveyed data. Two of the Anderson-Karassik model parameters, represented
by C1 and C; in Eq. 3.4, were refit to the surveyed data. From Fig. 3-1, it is clear that the
refined GEAR Lab model (Eq. 3.4) with the refit parameters (Table 3.2) is a more accurate
representation of the efficiencies (77111‘,{;%D ) for the surveyed 4-inch MSP hydraulics than the
two preexisting models. The refined GEAR Lab model results in a better RMSE value of
6.4391. The values of the statistically fitted parameters and the corresponding RMSEs are

presented in Table 3.2 for the Anderson-Karassik model and the refined GEAR Lab model.

30



0.8 T T T 0.8 T
#* + F
+ t * . P
+++ 4
0.7} oy t :* .. ° ’ ° & R 0.7F -+ *x;?: ,: ] . * °
+ o 2.4 g‘ . + 4 e ¢ 8 ¢ 4
# 0 49 + .
W ® e ¢ 2% »
= % ¢ = 4 *
.06 ® o ¢ =08 T4 /Y
) ¢e e o L o
c e ° e o .
g o g o
£ ° . £ d L4
[T " ° gy 0’. °
@ ° 2 [ d
g . g ¢
n n
£ £
n3_0.4'i. £ 04r ~¢.
e
03} e Surveyed Market Data 03} ® Surveyed Market Data ]
’ Original Anderson Model ’ Original Andersoq Model
+ Anderson-Karassik Model + Anderson-Karassik Model
4 GEAR Lab Refitted Model 4 GEAR Lab Refitted Model
0.2 L L 0.2 L L N N
0 5 10 15 20 0 20 40 60 80 100
BEP Flow Rate [m3/h] Impeller Specific Speed (Nq)
(a) iy Plotted as a function of Qprp (b) o, Plotted as a function of N,

Fig. 3-1. BEP efficiency prediction models for 4-inch MSP hydraulics plotted as a function
of both (a) BEP flow rate and (b) impeller specific speed. Efficiencies of the surveyed market
data (black dots), and the predicted efficiencies from the original Anderson model (green
triangles), the Anderson-Karassik model (blue crosses), and the refitted GEAR Lab model
(red diamonds) are shown. The RMSEs are 14.3891, 19.5488, and 6.4391, respectively.
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Table 3.2. Statistically fitted parameters used in Eq. 3.4 for the Anderson-Karassik model
[19] and the refitted GEAR Lab model to predict efficiency of 4-inch MSP hydraulic.

Fitted Parameters =~ Anderson-Karassik GEAR Lab Model

Ci 0.08955 0.08494
G -0.21333 -0.27246
RMSE 19.5488 6.4391

The trend of the surveyed 4-inch MSP efficiencies in Fig. 3-1 conforms to the qualitative
descriptions from the literature [15, 19]. MSPs experience low efficiency at low specific
speeds, which translates to the low flow rate region for the 4-inch impellers that have similar
Hg,. The low efficiency is due to the long and radial impeller geometry at low specific
speeds. This geometry generates high secondary losses, such as disk friction losses, as

well as a high ratio of leakage flow to total flow. As specific speed and flow rate increase,
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the impeller design becomes more axial, resulting in a significant reduction of secondary
losses. In the same region, the relative leakage flow becomes less significant, contributing to
increasing efficiency. This behavior is apparent in the exponential increase of efficiency with
specific speed. The efficiency eventually plateaus to a maximum value of approximately

68% for the surveyed 4-inch MSPs.

Since the specific speed is a function of impeller head-per-stage (Eq. 3.1), an empirical
relationship is formulated for impeller head-per-stage (in m/stage) as a function of BEP
flow rate (in m>/h) for the 4-inch MSP hydraulics. This enables the efficiency prediction
for MSPs as a function of Qpgp and Hpgp (total head) throughout the hydraulic operating
space using Eq. 3.4. The Hj, for the surveyed 4-inch impeller designs are plotted in Fig.
3-2 as a function of designed BEP flow rate Q. Each of the 37 plotted head-per-stage
data are calculated as the linear slope of the total BEP pressure head as a function of the
impeller stage quantity, for the 4-inch MSP models that use the same impeller design. A
second-order polynomial fit (Eq. 3.5) with an RMSE of 15.284 was imposed to obtain a
scaling law for Hy; as a function of flow rate Q for the 4-inch impellers. As shown in Fig
3-2, the head-per-stage of these impeller designs scatter around an average of 4.32 m/stage
but decrease at a higher flow rate. Based on the formulation of Eq. 3.4, the contribution
to predicted efficiency from the specific speed term is most sensitive to error in Hy; when
the flow rate is smallest. Although the RSME is relatively high in the modeled Hy;, the
resulting error in the efficiency prediction is < 1.4%, occurring at the minimum flow rate of

1 m3/h.

H, = —0.0120- 0> +0.1182 - Q +4.3423 (3.5)

3.1.2 Efficiency Prediction for Progressive Cavity Pump Hydraulics

For progressive cavity pumps, previous work has provided theoretical characterizations of
PCP performance and designs [37]. More recently researchers have created more sophisti-
cated models to predict the performance of specific PCP designs through CFD, numerical

solvers, and 3D-vectoring methods [12, 27, 39]. This work contributes to the theoretical
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Fig. 3-2. Head-per-stage as a function of BEP flow rate of surveyed impeller designs used
in 4-inch MSPs on the market. A second order polynomial fit (Eq. 3.5) is imposed, with a
resulting RMSE of 15.284.

understanding of specific PCPs, but it is difficult to generalize beyond the PCP designs used
as a basis for each model to explore the full operating space. Since the BEP efficiency
of a PCP depends heavily on the fluid viscosity in the application, PCPs were previously
designed for moving high viscosity fluids such as petroleum, due to high pump efficiency
and low flow slippage in high viscosity operations [25]. However, PCPs are gaining pop-
ularity in the smallholder irrigation space and becoming a relatively new technology for
low viscosity groundwater pumping applications. This is because of PCPs’ high-pressure,
low-flow operating space matches the operating requirements of borehole pumping in very
smallholder farms. To the author’s knowledge, no statistical efficiency prediction model for
4-inch PCPs is found in literature, especially for groundwater-specific applications.
Similar to the MSP case, manufacturer efficiency data of 4-inch borehole PCP hydraulic
were surveyed. A third-order logarithmic nonlinear fit was imposed on the surveyed effi-
ciency data and an efficiency scaling law was formulated (Eq. 3.6), resulting in an RMSE
value of 5.9247, as shown in Fig. 3-3. Each of the 37 surveyed data points on Fig. 3-3

represents an individual PCP design primarily from Lorentz. This is because PCPs have
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not been used in groundwater pumping applications until recently when PVPSs have started
to become a cost-effective alternative for very small farms with low flow rate requirements.
While PCPs are generally designed to pump fluid with a higher viscosity than water, Lorentz
is one of the few manufacturers that have both designed PCPs for borehole applications and
documented the pump efficiency testing results [21].

Among the 4-inch PCPs surveyed, the available BEP flow rate range was between 0.3
m>/h to 3.2 m3/h, with a BEP pressure head up to 250 m. This operational range defines
the O-H operating space for PCP in the analysis. The hydraulic operating range of PCP
covers the low flow rate operating region in the SSA smallholder irrigation space, making
them applicable for very smallholder farms (< 1 Ha). In addition, the high end of the PCP
operational flow rate range overlaps with the low end of the MSP operational flow rate
range, primarily in the Q g p range between 1 m>/h and 3.2 m>/h. In the operating region
where both pump hydraulics are applicable, energetic cost comparisons between solar pump
hydraulics can be done to identify the most energetically cost-effective pump hydraulic in

the architecture. Example comparisons are discussed in Sections 3.3 and 4.2.
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Fig. 3-3. Surveyed efficiencies of 4-inch PCP hydraulic on the current market, primarily

from Lorentz, as a function of hydraulic output power. A third-order logarithmic fit (Eq.
3.6) is imposed, with with a resulting RMSE of 5.9247.
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Mhemy = —0.0689 - 10g(Phyq)* + 0.0672 - log o (Ppya) + 0.7465 (3.6)

From the surveyed PCP efficiency data, it was found that the BEP efficiency of PCP
hydraulics in the 4-inch borehole market scale with the BEP hydraulic power, which is
itself the product of the output flow rate and pressure. The efficiency of the pump also
scales more significantly with increasing pressure and very slightly with an increase in flow
rate. No discernible trend in the efficiency scaling with specific speed was found. The
scaling of efficiency with hydraulic power differs from previously reported models which
typically present efficiency as a function of only pressure differentials related to specific PCP
models [12, 37]. The trend in efficiency scaling can be explained by considering the loss
mechanisms in PCPs, which can be characterized by the volumetric losses and mechanical
losses previously reported in the literature. Volumetric losses of a PCP are shown to
increase with rotor speed and decrease with increasing pressure difference. Mechanical
losses due to rotor-stator friction increase with rotor support forces and decrease with
increasing pressure difference due to lower friction with higher internal pressure. Since
PCPs designed for borehole water pumping generally have an overlapping elastomer coated
stator, the mechanical losses significantly dominates over the volumetric losses as discussed
by Vetter [37]. The strong increase in BEP efficiency with pressure head can be explained by
diminishing and dominant mechanical losses as the pressure differential increases. The slip
flow remains approximately constant with pressure differential, resulting in diminishing
volumetric losses relative to total flow rate as flow rate increases. This could explain
the slight positive correlation between efficiency and the increasing flow rate observed in

surveyed data.

3.2 Efficiency Predictions for 4-Inch Submersible Motors

Two types of motors can be used to drive submersible pumps in a PVPS [5]. An AC
induction motor (IM), or asynchronous motor, is a traditional solution commonly used in

the pump industry to drive submersible pumps due to their simple design, robust mechanism,
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and ability to run directly off the AC grid. However, to take advantage of the permanent
magnetic fields and the lack of induction losses, the pump industry is slowly transitioning
to use submersible permanent magnet brushless DC motors (PM-BLDC) or synchronous
motors. This new type of motor allows pump manufacturers to leverage a higher motor
efficiency at the same power level compared to the traditional AC solution. When designing
for a solar-powered pumping system, the BLDC motors can run directly on the DC power
generated from the solar array, without an inverter, which reduces the overall complexity
of the electrical system. In addition, BLDC motors can operate below 48 volts, which
eliminates the need of building a high voltage solar array or installing a boost converter
to meet the voltage requirements of conventional 220V IMs. Most importantly, the higher
efficiency of the BLDC motors can lead to a reduction in solar array size and achieve

energetic cost savings when compared to the IMs for the same pump body.

To estimate the electrical power via Eq. 2.3, a model of the motor efficiency as a function
of shaft power is needed. To the author’s knowledge, a scaling law for 4-inch submersible
motors’ efficiencies has not yet been published. To derive an empirical model, a survey
was conducted of 4-inch IMs that are commonly used to drive borehole pumps in a PVPS
and which are available in SSA. The surveyed efficiencies of 4-inch IMs are plotted in Fig.
3-4 as a function of shaft power, along with four IE ratings [16]. The IEC 60034-30-1
standard defines four international efficiency classifications for electric motors: 1E1, IE2,
IE3, and IE4. When an electrical motor sold on the market is certified with a certain IE
rating, it has the operating efficiency specified in the IEC standard at the corresponding
power level. The data set presented contains 94 AC IMs with an output shaft power ranging
from 0.37kW up to 7.5kW. These efficiency data are based on published specifications
from four dominant pump manufacturers in SSA: Grundfos, Lowara, Lorentz, and Dayliff
[14,38,21, 10]. A 4th-order logarithmic nonlinear fit (Eq. 3.7) identical to the interpolation
equation presented in the IEC standard is imposed on the collected IM efficiency data as a
function of output shaft power. A statistical efficiency prediction law is formulated with a
resulting RMSE of 4.7176. The corresponding interpolation coefficients are presented in

Table 3.3.

36



09F

o o© o
) ~ 0

Motor Efficiency

o
o

0.3

04h

e Surveyed Market IM

- - -4th Order Logarithmic Fit
IE1 Efficiency Class
—|E2 Efficiency Class
—IE3 Efficiency Class
IE4 Efficiency Class

2 4 6 8
Motor Shaft Power Output [kW]

Fig. 3-4. Efficiencies of the surveyed 4-inch IMs and the four IE ratings [16]. A 4-th
order logarithmic fit is imposed, with an RMSE of 4.7176. The 4-inch IMs on the market
underperform the lowest IE1 efficiency rating.

ﬂmotor((%) = Cl : logIO(Pshaft)3 + CZ : loglo(Pshaft)2 + C3 : lOglO(Pshaft) + C4 (37)

As shown in Fig.3-4,

the 4-inch submersible IMs currently sold on the market signif-

icantly underperform even the lowest IE1 motor efficiency rating by an average of 0.07

in terms of efficiency. This deficiency in induction motor (IM) efficiency performance

suggests a potential opportunity to improve PVPS system efficiency and achieve potential

cost savings with higher efficiency motors. In practice, BLDC motors are often found to

have comparable or even superior efficiency to the IE3 or IE4 efficiency rating [11]. In

the subsequent analysis, the IEC standards will be used to represent potential motors with

higher efficiencies that are not yet widely available in the market, such as the BLDC motors.

These highly efficient BLDC motors could bring significant efficiency improvement to the

existing PVPS and reduce the energetic cost of the solar pump. However, the cost of manu-

facturing high-efficiency BLDC motors is more expensive than the traditional IMs, because
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Table 3.3. Coefficients for efficiency interpolation of the surveyed IMs and the four IE

efficiency classes (2-poles, 3000 rpm) [16].

| Coefficients | Surveyed IMs | IEI | IE2 1E3 1E4

0.12kW < Pgpass < 0.75kW

& 6.1369 11924 | 224864 |6.8532 | -8.8538

Cs -10.5895 63699 | 277603 | 62006 | -20.3352

Cs 18.6090 30.0509 | 37.8091 | 25.1317 | 8.9002

Cs 67.5673 76.6136 | 82458 | 84.0392 | 85.0641
0.75kW < Pspare < 7.5kW

C 6.1369 05234 | 02972 | 03569 |0.34

Cs -10.5895 50499 | -3.3454 | -3.3076 | -3.0479

G 18.6090 174180 | 13.0651 | 11.6108 | 10.293

Cs 67.5673 743171 | 79.077 | 82.2503 | 84.8208

Interpolation valid for motor rated power: 0.12kW < Pgpqr < 7.5kW.

BLDC motors often employ rare-earth permanent magnets. To determine the true cost
benefits of the highly efficient BLDC motors, solar pump manufacturers can leverage the
technoeconomic framework presented in this thesis to quantify the energetic cost-savings of
an IE3 or IE4 motor over a traditional IM, at the operating region of interest. The simulated
energetic cost savings can be compared to the price difference between a BLDC motor and a

traditional IM to identify the most cost-effective motor option in a solar pump architecture.

3.3 Total Efficiency

The efficiency prediction models presented in the previous sections (Sections 3.1 and 3.2)
were used to characterize the total efficiency of 10 solar pump architectures, enumerated in
Table 3.1. Figure 3-5 presents results for IM-driven MSPs (Fig. 3-5a) and IM-driven PCPs
(Fig. 3-5b) to compare the efficiency performance between the two hydraulics. Similar
figures for the remaining architectures appear in Appendix C. The x-axes are on different
scales due to the difference in operational flow rate range between MSP and PCP hydraulics.
An overlapping flow rate range exists between 1 m>/h and 3.2 m>/h. By simulating the total

efficiency over a range of Qprp and Hpgp, a bird’s-eye view of the efficiency performance
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can be formulated across the operating space.
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Fig. 3-5. Total efficiency as a function Q ggp and Hpgp of 4-inch borehole pump hydraulics:
(a) IM-drive MSPs and (b) IM-driven PCPs. Constant total efficiency contour lines are
superimposed. Note the difference in x-axis scaling due to the operating flow rate range
difference between the two hydraulics.

As shown in Fig. 3-5a, IM-driven MSPs have total efficiencies of above 30% (and up
to 60%) at flow rates greater than 3 m3 /h. However, IM-driven MSPs suffer from sub-30%
total efficiencies below 3 m?3/h, where MSP’s flow rate range overlaps with PCP’s. This
is due to the low efficiencies of the impeller in the low flow rate region (Fig. 3-5a) and
the induction motor in the low power region (Fig. 3-4). The flow rate range below 3
m? | h represents the flow rate requirements of the very smallholder farms, typically under
1 Ha. In contrast to the IM-driven MSPs, IM-driven PCPs can generally achieve higher
total efficiencies greater than 40% (and up to 55%) in the overlapping flow rate range as
shown in Fig. 3-5b. By comparing the total efficiencies of the IM-driven MSP and the
IM-driven PCP, it demonstrates that PCP hydraulic is the more efficient and energetically
cost-effective solution in the low flow rate operating region. Solar pump manufacturers
may want to consider using PCP hydraulic when designing 4-inch solar pumps for the very
smallholder market in SSA. On the other hand, PCP hydraulics surveyed are unable to reach

a BEP flow rate higher than 3.2 m>/h, limiting their use for higher flow applications such
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as in farms larger than 1 Ha.

Total Efficiency Threshold of 50%
for 4-Inch Borehole Pump Architectures

250 T T
- 11 1 — =IM Driven MSP
11 \ — -IE1 Driven MSP
: 11 \ — -IE2 Driven MSP
| \ IE3 Driven MSP
200F: & 1 \ IE4 Driven MSP|
H - 11 v e IM Driven PCP
—_ 1 v e IE1 Driven PCP
E I 11 v e IE2 Driven PCP
? Ef 11 \ IE3 Driven PCP| |
$150F: & - \ IE4 Driven PCP
g 1 \
@ 1\ \
s 1 \
o 100 F (R \
@ v \
v \
v \\
v N
50F &5 v N
N . S o
\ ~ S
N ~ - -~ .

2 4 6 8 10 12 14 16 18
BEP Flow Rate [m>/h]

Fig. 3-6. Constant total efficiency isolines of 50% as a function of Qgrp and Hpgp, for
the 10 solar pump architectures listed in Table 3.1. The shaded region represents the
overlapping operating range between the MSP and PCP hydraulics.

By using 50% as a threshold of high total efficiency, Fig. 3-6 superimposes the 50%
constant efficiency isolines for all 10 solar pump architectures listed in Table 3.1 in a single
plot. This provides a direct comparison and better visualization of the efficiencies for the
considered architecture options over the operating space. The operating region to the upper
right of the isoline for the corresponding architecture has a total efficiency greater than 50%,
and vice versa. The overlapping operating region between the MSP and PCP hydraulics is
shaded. The left bound of the shaded region is defined by the minimal Qpgp of MSP at 1
m3 /h, and the right bound is defined by the maximum Qggp of PCP at 3.2 m3/h. As shown
in Fig. 3-6, 4-inch PCPs are capable of operating in the low flow rate region, while MSPs
can operate in a higher and wider flow rate range.

Figure 3-6 highlights operating regions where each solar pump architecture suffers from
low total efficiency (< 50%). It demonstrates the benefit of adopting highly efficient BLDC
motors (IE3 or IE4 equivalent) to drive MSP and PCP hydraulics in the 4-inch borehole
pump operating space. When driven with IMs on the current market, both MSP and PCP
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hydraulics are unable to achieve total efficiency above 50% in approximately half of their
corresponding operating spaces. In Fig. 3-6, IM-driven MSPs in general can only achieve
> 50% total efficiency at Qggp > 10 m?>/h and Hggp > 50 m. For IM-driven PCP, the high
total efficiency (> 50%) operating region is approximately with Q grp ranging from 2 m>/h
to 3.2 m3/ h, and Hggp > 100 m. Both IM-driven hydraulics experience total efficiency
of less than 50% in the remaining operating space, due to the limitation in 4-inch IM
efficiency. However, when paired with a BLDC motor that is IE4 efficient, Fig. 3-6 shows
total efficiency > 50% can be achieved in operating regions with Qgrp > 5 m>/h for MSPs
and Qpgp > 0.8 m> /h for PCPs, over a wide pressure range. This demonstrates adopting
BLDC motors enables an extended reach of the high-efficiency solar pumps in operating
regions where total efficiency is currently underperforming due to deficiencies in IMs. By
filling in the deficiency gap of IMs, BLDC motors can bring potential cost benefits from
high-efficiency solar pumps to a larger group of SSA smallholder farmers, enabling faster

adoption of PVPSs to provide reliable water access.

3.4 Volumetric Specific Energy

The volumetric specific energy can be used as a metric to evaluate the sensitivity to energy
consumption for per-unit water pumped by a given architecture in various hydraulic oper-
ating regions. The volumetric specific energy for each of the 10 solar pump architectures
listed in Table 3.1 is calculated using Eq. 2.12 over a range of Qprp and Hpgp within
the operating space. The ey, can be related to the energetic cost using Eq. 2.13. When
calculating the ey for a specific solar pump architecture, the empirical efficiency scaling
relationships are taken into account. In Fig. 3-7, the volumetric specific energy for IM-
driven MSP (Fig. 3-7a) and IM-driven PCP (3-7b) is plotted as a function Q pgp and Hggp.
The ey, plots of the remaining architecture options are presented in Appendix D.

By simulating volumetric specific energy across the hydraulic operating space, it high-
lights regions where per-unit-cost of water is most energetically expensive and efficiency
improvements can be most pronounced for a given solar pump architecture. As shown

in Fig. 3-7, high ey is observed in the high-pressure, low flow rate hydraulic operating
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Fig. 3-7. Volumetric specific energy as a function of Qggp and Hpgp for (a) IM-driven
MSPs and (b) IM-driven PCPs. Note the difference in x-axis scaling due to the operating
flow rate range difference between the two hydraulics.

regions correspond to MSP and PCP hydraulics. This represents the per-unit energetic cost
of water is more expensive when a solar pump is operating in a high-pressure, low flow rate
environment. This is likely due to two synergistic factors. First, both the pump hydraulic
and motor experience a low efficiency in the low flow rate, low-power region, resulting in
poor total efficiency for the solar pump (Fig. 3-5). Second, the electrical power required
to produce a high-pressure head is high. As a result, the amount of electrical energy
needed to move a cubic meter of water, represented by the ey, is significantly higher in
the high-pressure, low-flow rate region. This identifies a potential opportunity for solar
pump manufacturers: using highly efficient BLDC motors for high-pressure, low flow rate
applications, such as a small farm with a deep borewell, can effectively reduce the per-unit
cost of water in a solar-powered pumping system.

By simulating the 77,,, and e, over the operating space, solar pump manufacturers can
use the reference plots produced by the efficiency prediction models to visually examine
the technical performance of different solar pump architectures. The models enable them
to identify operating regions that experience shortcomings in solar pump efficiency and

understand the potential impacts of efficiency improvement strategies, such as using a
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BLDC motor. By adopting highly efficient BLDC motors, it allows 4-inch solar pumps
to effectively extend the reach of high efficiency operating regions and reduce the per-unit

energy cost of water.
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Chapter 4

Example Case Studies: Applications to
SSA Farms

In this chapter, the technoeconomic framework was used in combination with the efficiency
prediction models formulated for the 4-inch borehole pump architectures to conduct case
study analyses on SSA farms. Two types of analyses are presented to demonstrate the ap-
plication of the framework in characterizing the energetic costs attributable to the efficiency
performance of the different solar pump architectures in specified operating conditions.

First, the operating space-level analysis quantifies and compares the energetic costs
between two solar pump architectures over the operating space. This type of analysis
provides a bird’s-eye view of the potential energetic cost-savings generated from efficiency
improvement of the relatively more efficient solar pump architecture out of the two compared
options in different hydraulic operating regions. The second analysis presents a similar
energetic cost quantification for all considered solar pump architectures about a specific
operating point. The goal of this analysis is to identify the most energetically cost-effective
solar pump architecture when designing PVPS based on a set of specific requirements from
an end-user.

For both case studies discussed in this chapter, the operating location is set in Nairobi,
Kenya, which has a very active solar irrigation market. The #;, is chosen to be the typical
6 hours based on interviews with SSA farmers who have a PVPS. The location-specific

PV output potential PV,,; is 4.1918 kWh/kW, based on modeled solar GIS data [36].
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The retail price of the solar panels is 810 USD /kW, reported locally [8]. These input

parameters are listed in Table 4.1.

Table 4.1. Input parameters used for the example case studies in SSA.

Input Parameters Values
Location Nairobi, Kenya
Latitude -1.2921
Longitude 36.8219
PVour (GSA) 4.1918 kWh/kW,
tirr 6 hours
Csol $0.81 USD/kW,,

4.1 Operating Space-Level Comparative Analysis

Two solar pump architectures were compared in this operating space-level case study: IM-
driven MSP and 1E4-driven MSP. The purpose of this example case study is to quantify
the amount of energetic cost-savings that a solar-powered MSP would have when an 1E4
efficient BLDC motor is used over a traditional IM, in the various operating regions. In
Fig. 4-1, the energetic costs of IM-driven MSPs (Fig. 4-1a) and IE4-driven MSPs (Fig.
4-1b) are plotted as a function of Qpgp and Hpgp. The results were calculated using Eq.
2.5, based on the hydraulic operating points, predicted efficiencies of the hardware, and the
input parameters listed in Table 4.1.

As shown by both plots in Fig. 4-1, the costs of the solar array scale predominantly
with the hydraulic operating power. The energetic cost is highest in the high flow rate, high-
pressure region for both solar pump architectures. The energetic cost of the IE4-driven
MSPs (Fig. 4-1b), which is more efficient, is lower than the IM-driven MSPs (Fig. 4-1a)
throughout the operating space. The spacing between the superimposed isolines is wider in
the low hydraulic power region because total efficiency increases rapidly in the low flow rate
and pressure region of the operating space (Fig. 3-5a). While the hydraulic power scales
quadratically as the product of flow rate and pressure, the total efficiency of the solar pump

also increases exponentially, compensating for the additional power draw with the reducing
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Fig. 4-1. Solar array (energetic) costs of (a) IM-driven MSPs and (b) IE4-driven MSPs for
6 hour run-time in Nairobi.

power losses in the hardware. This generates a parametric design insight when designing
PVPSs in the low flow rate and pressure region. In this region, efforts to reduce PVPS cost
by lowering the power draw of the downstream component, such as optimizing the area of

the irrigated subsection, would have minimal impact on the energetic cost of a solar pump.

The energetic cost of the IM-driven MSPs in Fig. 4-1a can be broken down into the
hydraulic power contribution (Eq. 2.8), and the inefficiency contributions from the pump
hydraulic (Eq. 2.9) and the motor (Eq. 2.10). In Fig. 4-2a, the total energetic cost and the
respective cost contributions are plotted as a function of flow rate and pressure. To provide
a more granular understanding of the dominating cost driver, a pressure cut-plane of 25 m
is selected based on the common water table depth across SSA [23]. The cross section of
Fig. 4-2a at pressure head of 25 m is plotted in Fig. 4-2b, where the corresponding costs

are presented as only a function of flow rate.

As shown in Fig. 4-2b, the dominant energetic cost driver of a solar pump changes at
the different power levels. For the IM-driven MSPs at a 25 m pressure head, the dominant
energetic cost driver is the necessary hydraulic power for the majority of the high power

operating range above 3 m>/h flow rate. However, for flow rates < 3 m?>/h, the primary
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energetic cost contribution becomes the inefficiency of the solar pump. While the < 3
m3/h flow rate range represents the smallholder farmers with < 1 Ha of irrigated land, it
demonstrates that the majority of the energetic cost paid by these farmers for an IM-driven

MSP is to compensate for the solar pump inefliciency.
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Fig. 4-2. (a) Energetic cost contributions plotted in 3D and (b) energetic cost contributions
along a constant pressure cross section of 25 m for IM-driven MSPs in Nairobi with 6 hours of
system run time. The total energetic cost (paige) consisted of three contributions: hydraulic
power (purple), and inefficiency from the pump hydraulic (blue) and motor (green).

The difference in the energetic costs between the IM-driven MSPs (Fig. 4-1a) and the
[E4-driven MSPs (Fig. 4-1b) can be calculated using Eq. 2.6. The result is plotted in
Fig. 4-3a and it represents the energetic cost-savings (USD) that an IE4 motor has over
traditional IM when driving a MSP hydraulic. The percentage energetic cost-savings is also
calculated using Eq. 2.7 and plotted in Fig. 4-3b.

Based on the simulated results shown in Fig. 4-3a, the energetic cost-savings scale
primarily with the solar pump hydraulic power. The largest cost savings are observed in
the high hydraulic power region. At high hydraulic power, the higher IE4 motor efficiency
makes a larger impact on the required electrical power and size of the solar array. As a
result, there is a big economic incentive for solar pump manufacturers to provide higher

efficiency motor in the high power region, as the energetic cost-savings are likely to outweigh
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Fig. 4-3. (a) The energetic cost-savings in USD and (b) the percentage energetic cost-
savings in % comparing IM-driven MSPs to [E4-driven MSPs as a function Qpgp and
Hpgp. The operating conditions are listed in Table 4.1.

the additional capital cost of the more efficient motor. In addition, Fig. 4-3a provides a
guideline on the capital cost premium that a more efficient motor can have before the cost
benefits from the efficiency gain break even.

However, Fig. 4-3b shows the largest percentage of cost-savings occurs at the low
hydraulic power region. In the low hydraulic power region, the efficiency difference between
an IE4 motor and an IM is larger, and the energetic cost associated with the power losses
in the hardware is also more prominent. Therefore, although there is not a large energetic
cost-saving, the economic impact of efficiency gain is most pronounced in the low power
region. It demonstrates the potential needs for low-cost, high-efficiency motors for PVPS in
the low power region, which represents the operating space of the very smallholders, who
are more likely to be in poverty.

By quantifying the energetic costs over the operating space, the framework allows
direct evaluation of the potential energetic cost-savings when comparing two solar pump
architectures. Solar pump manufacturers can repeat this analysis for the different architecture
options and relate efficiency performance to the capital cost of the solar array to form a

baseline of direct cost comparison. By comparing the energetic cost-savings to the capital
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cost difference, this analysis enables manufacturers to make informed technoeconomic
decisions when designing solar pumps that are more cost-effective in the various operating

regions.

4.2 Operating Point-Level Comparative Analysis

In this section, the energetic cost analysis was conducted for a specific hydraulic operating
point. This enables direct energetic cost comparison between all considered solar pump
architectures when designing a PVPS for a set of specific operating requirements - which
could come from the end-user. In this case study, the operating point with Qggp of 3 m>/h
and a Hpgp of 25 m is considered, and the operating conditions listed in Table 4.1 are used.
The selected operating point represents the approximate operating requirements of a 1 Ha
smallholder farm with a 25 m deep borehole. All 10 solar pump architectures listed in Table
3.1 were found to be viable for this operating point. The energetic cost of each solar pump

architecture is calculated and plotted in Fig. 4-4 in terms of cost contributions.

900

Solar Array (Energetic) Cost [USD]

IMMSP |[E1MSP I[E2MSP IE3MSP IE4MSP IMPCP |IE1PCP IE2PCP IE3PCP IE4PCP
Solar Pump Architecture

Fig. 4-4. Stacked plot of the solar array (energetic) cost contributions of the 10 viable
solar pump architectures (Table 3.1) for Qpgp = 3 m3/h, Hggp = 25 m, and the operating
conditions listed in Table 4.1. The energetic cost is broken down to three contributions:
hydraulic power (purple), inefficiency of the pump hydraulic (blue) and motor (green).

The simulated results show that the PCP hydraulic efficiency outperforms MSP at this
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operating point. However, the efficiency deficiency of the MSP can be compensated with
a more efficient IE4 motor to become more energetically cost-effective than an IM-driven
PCP. The exact values of the simulated array power and associated costs are tabulated in
Appendix E. A system designer may use these quantified energetic costs and compare them
with hardware procurement cost information to make an informed decision on the most
cost-effective architecture. If the capital cost of a PCP does not exceed the difference in
the energetic cost in the solar array compared to the less efficient MSP hydraulic, then the
designer may choose a PCP as the hydraulic in the solar pump architecture, and vice versa.
Similarly, the system designer may also consider the potential motor options and decide if
the additional upfront cost of a more efficient submersible motor outweighs its energetic
cost benefits to a less efficient motor. This energetic cost quantification from the solar pump
architecture design perspective can allow system designers to conduct trade-off analyses

and select the most cost-effective solution for the needs of the local farmers.
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Chapter 5

Discussion

To reduce the high PVPSs upfront cost which poses a financial burden for SSA smallholder
farmers, a study was put forth to investigate the cost-saving strategy of improving efficiency
from a solar pump architecture perspective. While solar pumps are the largest energy
consumers in PVPSs, improving their efficiency can effectively make PVPSs more afford-
able. A technoeconomic framework is presented to provide a pathway for characterizing
the energetic cost implications that arise from the efficiency performance of a solar pump.
The framework relates efficiency to the solar array cost, a capital cost, and enables direct
comparison to the capital cost of the hardware used in different solar pump architectures. In-
dustrial practitioners can use this framework to compare the potential energetic cost-savings
to the capital cost premiums of the more efficient hardware components, identifying the
most cost-effective solar pump architecture.

While SSA smallholder irrigation space is used as an example application of the frame-
work, the efficiencies of the commonly used 4-inch borehole pump components are char-
acterized as part of this study. It was found that PCPs outperform MSPs in efficiency over
the overlapping hydraulic operating flow rate range of < 3 m>/h, which corresponds to the
flow rate requirement of the < 1 Ha very smallholder farms. This difference in efficiency
performance between the two 4-inch borehole pump hydraulics is visually apparent in the
total efficiency plots and the operating point-level case study presented. However, although
the framework results have shown PCPs are the more energetically cost-effective pump

hydraulic option for solar pump architectures used in very smallholder farms, their overall
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cost-effectiveness remains uncertain. Due to the complex helical rotor design used in PCPs,
they are generally more expensive and harder to maintain when compared to the simple
impeller design used in MSPs. Manufacturers may want to weigh the additional capital cost
and maintenance cost of a PCP against its energetic cost benefits over an MSP, which is
characterized by the framework, when determining the optimal pump hydraulic used in the
architecture. In addition, 4-inch MSPs can reach a higher and wider flow rate range than
PCPs, up to 18m3/ h based on the surveyed data, which makes them the sole solution for

borehole pumping in medium-scale smallholder farms > 1 Ha.

The efficiencies of the submersible IMs commonly used to drive 4-inch borehole pumps
are also surveyed. It was found that the 4-inch IMs currently on the market significantly
underperform the lowest international motor efficiency rating, IE1, by an average of 0.07.
This implies that the traditional IMs used in the majority of the borehole pumps on the
market are not optimal for solar-powered applications. The use of highly efficient BLDC
motors (generally IE3 or IE4 efficient) can bring large efficiency improvement and energetic
cost-savings to solar pumps. This hypothesis is confirmed by the framework’s simulated
results presented in this thesis. Based on the total efficiency plots, IM-driven hydraulics are
unable to achieve > 50% total efficiency in half of their corresponding operating space. By
adopting [E4 efficient BLDC motors, solar pump operating space with > 50% total efficiency
is effectively extended, enabling more affordable PVPSs to a majority of SSA smallholder
farmers. In addition, by comparing [E4-driven MSPs to IM-driven MSPs in an operating
space-level case study, it was suggested the largest energetic cost-saving of > 1800 USD
can be achieved in the high pressure, high flow rate region. This demonstrates the potential
use of highly efficient BLDC motors in solar pumps can be economically incentivized for
manufacturers. This economic incentive is more prominent in the high hydraulic power
operating region, where the larger energetic cost-savings are likely to outweigh the capital
cost premiums of the more efficient BLDC motors. Moreover, the simulated results have
shown that the highest percentage cost savings of up to 40% is in the low hydraulic power
region, which represents the very smallholder farms. This demonstrates the potential needs

for low-cost, high-efficiency BLDC motors for the very smallholder market in SSA.

The case studies presented in this thesis demonstrate the example use of the frame-
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work and the hardware efficiency characterizations to analyze the efficiency performance
and derive technoeconomic insights for achieving energetic cost-savings in a solar pump
architecture. In this case, the cost-saving strategy was to replace currently inefficient IMs
with highly efficient BLDC motors in hydraulic operating regions where the energetic cost-
savings outweigh the capital cost premiums. Manufacturers can use this framework and
repeat the analytical process to quantify the energetic costs of other solar pump architectures
and identify additional cost-saving strategies on PVPSs. Since only the efficiency of 4-inch
borehole pump components is characterized, the efficiency prediction models presented
may not be valid for other pump types. Manufacturers and researchers can use a similar
efficiency characterization process to survey pump types of interest, formulate efficiency
prediction models, and utilize the presented framework in quantifying the energetic costs
for other solar pumping applications (e.g. desalination, wastewater, and drinking water
supply).

Although SSA was used as an example location in this study, the energetic cost frame-
work can also be applied elsewhere. The location-specific parameters used in the framework
analysis such as the PV output potential can be adjusted according to the local operating
conditions. Also, the solar panel price can be modified to more accurately reflect the price
in the various local markets and the potential price changes in the future. With the trend
of decreasing solar panel price over time, the affordability of a PVPS may become less
sensitive to the solar pump inefficiency, because the cost associated with the additional
solar array compensating for the power losses may become less expensive. Since off-grid,
solar-powered pumping systems are the focus of this study, the framework defines the ener-
getic cost as the total cost of the solar array. When considering potential grid-tied, hybrid
systems, the electricity cost over the systems’ operating lifetime can be aggregated and
added to the capital cost of the solar array, redefining the energetic cost in the framework.
A similar efficiency-related energetic cost comparison to the capital cost of the hardware

can then be conducted for grid-tied pumping systems using the modified framework.

When formulating the presented framework, several assumptions were made and some
limitations resided. The solar array required to support a specific solar pump architecture

is sized using conservation of electrical energy generated from the solar array daily. This
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assumes the energy generated can be stored in a sufficiently large energy buffer such as a
tank or batteries. By doing so, the average daily PV output potential can be used and the
variation in daily solar irradiance can be neglected, reducing computational complexity.
However, losses can occur during energy transfer in physical systems from pipe loss and
electrical resistance. These losses are expected to be minor when compared to the dominant
power losses in the solar pumps. The costs of the power electronics and batteries are also
not captured in the scope of this framework since they are largely depend on the physical
setup of the actual PVPS. However, PVPS designers may want to consider the costs of the
power system components when designing PVPSs at different power ratings.

Moreover, the efficiencies of the solar pump are modeled continuously as a function
of the BEP flow rate and pressure. In reality, manufacturers produced pump designs at
discrete BEPs (e.g. 1 m>/h, 3 m®/h, etc.) with overlapping operating ranges. PVPSs
designers may not be able to find solar pumps with specific BEPs that match their desired
operating points exactly. This may cause the actual operating efficiency to deviate slightly
from the model approximation, but the deviation is likely small when compared to the
total efficiency of the solar pump. On the other hand, the energetic costs calculated
based on the efficiency models are generalized approximations of the hardware, and these
results do not represent the efficiency performance of any specific manufacturer. This is
because the efficiency data from multiple manufacturers are lumped together to formulate
the efficiency prediction models to represent the general market. In addition, the efficiency
prediction model presented for PCP hydraulic is generated based on a relatively small set
of commercially available products. As more PCPs are developed for the 4-inch borehole
market, the model should be updated with additional efficiency data to further increase its

robustness.
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Chapter 6

Conclusions

When designing technological solutions for solar-powered applications in developing mar-
kets, it is key to understand the energetic cost implications of the system components to
provide an affordable solution to extremely cost-sensitive users. In this thesis, a technoeco-
nomic framework is presented to quantify the potential energetic cost-savings that arise from
efficiency improvement when comparing solar pump architectures. The SSA smallholder
irrigation space is chosen as an example application of this energetic cost framework. The
efficiencies of the commonly used 4-inch borehole pump components in the SSA irrigation
space were characterized. New efficiency prediction laws were formulated for 4-inch bore-
hole multistage centrifugal pump and progressive cavity pump hydraulics, and submersible
induction motors. The IE motor efficiency ratings were used to represent motors with higher
efficiencies, such as a brushless DC motor. The solar pump components were put in various
configurations to construct different solar pump architectures which are analyzed using the
framework in the presented case studies.

Two case studies for SSA farms were simulated to demonstrate the application of the
framework in quantifying the energetic costs for different solar pump architectures. For the
operating space-level case study, energetic cost-savings were quantified over the multistage
centrifugal pump hydraulic operating space when 1E4 efficient motors were used over the
traditional induction motors on the market. This case study maps out the quantifiable
economic incentive for solar pump manufacturers to adopt more efficient BLDC motors

in the different hydraulic operating regions. For the operating point-level case study, the
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energetic costs of 10 solar pump architectures are simulated for the operating conditions of a
1 Ha SSA smallholder farm with a 25 m borewell. It demonstrates how PVPS designers can
use the framework to identify the most energetically cost-effective solar pump architecture

for the needs of an end-user.

Some technoeconomic insights were also drawn throughout the thesis when applying
the energetic cost framework to the 4-inch borehole pumps used in SSA solar irrigation
space. The shortcoming in the efficiency of the induction motors commonly used to drive
4-inch borehole pumps on the market was found. By adopting highly efficient BLDC
motors, a considerable amount of efficiency improvement can be achieved and energetic
cost-savings can be realized in a solar-powered pumping system. The economic incentive
of adopting BLDC motors is most pronounced in the high hydraulic power region. The
reduction in per-unit cost of water is greatest in the high pressure, low flow rate region.
The largest percentage of energetic cost-savings is in the low power region. It was also
found that BLDC motors can effectively extend the reach of high-efficiency solar pumps
in the operating space, enabling more energetically cost-effective PVPSs to serve a larger

population of smallholder farmers in SSA.

By relating efficiency performance to a quantifiable energetic cost, the presented frame-
work enables industrial practitioners to directly compare the potential energetic cost savings
to the capital cost differences in the hardware components of varying efficiencies. Solar
pump manufacturers should consider a swift adoption of BLDC motors for driving pumps
designed for solar-powered applications. In the process of adoption, the energetic cost-
savings that arise from the efficiency gain of the BLDC motors should be weighed against
the additional capital cost premiums compared to the traditional IMs, in the various hy-
draulic operating regions. By incorporating the framework in their design process, it allows
industrial practitioners to make informed trade-off decisions when choosing the optimal
solar pump architecture. The ability to identify the optimal solar pump architecture allows
industrial practitioners to increase the efficiency of current solar pump designs, lower the
overall upfront cost of PVPSs, and engage a wider market space with more cost-effective
solutions. By providing various technoeconomic insights over the hydraulic operating

space from a solar pump architecture perspective, industrial practitioners may find this
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framework valuable when designing more affordable, better-performance solar pumps for

the developing markets.
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Appendix A

Nomenclature

The following symbols are used in this thesis:

Cff,yfily = Cost of solar array due to hydraulic power (USD);

Chiray = Cost of solar array due to pump hydraulic body inefficiency (USD);
Carvy = Cost of solar array due to motor inefficiency (USD);

Cirvay = Total cost solar of array (USD);

Csol = Retail price of solar panels (USD/kW));

Eclect = Electrical energy (kWh);

Esys = Volumetric specific energy (kWh/m?);

Npump = Pump hydraulic body efficiency (/);

n%%’ » = Predicted efficiency of MSP hydraulic (/);

nﬁﬁ%’ son = Predicted efficiency of MSP hydraulic using original Anderson model (/);
nﬁ;n’fp = Predicted efficiency of MSP hydraulic using Anderson-Karassik model (/);
17[1,355 » = Predicted efficiency of PCP hydraulic (/);

Mmotor = Motor efficiency (/);

Ntot = Total efficiency (/);

H = Pressure head (m);

Hgrp = Pressure head at BEP (m);

N, = European specific speed (rpm - m3/* - s71/2);

N = TImperial specific speed (rpm - gal'/? - min='/% . f13/%);
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Phyd

array

pump
Parray

pmotor
array

Ptot

array
Phyd
Pshafl
Pelect
PVour

OBEP
Lirr

Vcrop

Pump rotor speed (rpm);

Power of solar array due to hydraulic power (kW,,);
Power of solar array due to pump hydraulic body inefficiency (kW));
Power of solar array due to motor inefficiency (kW,);
Total power of solar array (kW,);

Hydraulic power (kW);

Shaft power (kW);

Electrical power (kW);

Photovoltaic output potential (kWh/kW,,);

Flow rate (m3/h);

Flow rate at BEP (m3/h);

Time of irrigation (h);

Crop water demand (m%);
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Appendix B

Solar GIS Map of the Modeled PV,,; in
SSA
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Fig. B-1. Average daily photovoltaic output potential PV,,,; in kWh/kW, for Sub-Saharan
Africa, reproduced from Global Solar Atlas.
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Appendix C

Total Efficiencies of Solar Pump

Architectures Listed in Table 3.1
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Fig. C-1. Total efficiency plots for all listed solar pump architectures listed in Table 3.1, as
a function of Qpgrp and Hpgp.
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Appendix D

Volumetric Specific Energy of Solar

Pump Architectures Listed in Table 3.1
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Fig. D-1. Volumetric specific energy plots for all listed solar pump architectures listed in
Table 3.1, as a function of Qgrp and Hggp.
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Appendix E

Tabulated Results of the Operating Point
Level Case Study in Section 4.2.

Table E.1. Tabulated results of solar array power and costs for the considered solar pump
architectures in the operating point level case study (Section 4.2).

hyd . hyd .
Arch PR PRUD pmotor ol Cadiuy  Cheeh  Chmetor ot
IMMSP | 0.29 0.3 0.42 1.01 236.94 | 241.36 | 339.35 | 817.65

IE1 MSP | 0.29 0.3 0.31 0.9 236.94 | 241.36 | 253.92 | 732.22
IE2 MSP | 0.29 0.3 0.24 0.83 236.94 | 241.36 | 197.79 | 676.08
IE3 MSP | 0.29 0.3 0.2 0.79 236.94 | 241.36 | 160.26 | 638.56
IE4 MSP | 0.29 0.3 0.16 0.75 236.94 | 241.36 | 126.09 | 604.38
IMPCP | 0.29 0.15 0.37 0.81 236.94 | 118.07 | 297.93 | 652.93
IE1 PCP | 0.29 0.15 0.28 0.72 236.94 | 118.07 | 224.78 | 579.78
IE2 PCP | 0.29 0.15 0.21 0.65 236.94 | 118.07 | 172.46 | 527.46
IE3 PCP | 0.29 0.15 0.17 0.61 236.94 | 118.07 | 139.23 | 494.24
IE4 PCP | 0.29 0.15 0.14 0.57 236.94 | 118.07 | 110.15 | 465.16

tot
array

Solar array power P are in kW), and the associated array costs Cqyrqy are in USD.
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