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 One of the principal challenges of the 21st century is the reduction of human 

generated greenhouse gas emissions (GHG). The modern electric power sector is a 

large contributor to GHG due to its high utilization of fossil fuel-based sources. 

Fossil fuels have the benefit of high flexibility and relatively low cost (both capital 

and operating), with the drawback of high lifecycle emissions. Clean energy sources 

exist in the form of renewable and nuclear energy, but they are constrained 

operationally and financially. This thesis evaluates a hybrid energy system (HES) 

employing solar photovoltaics (PV) and wind turbine generators (WTG) electrically 

coupled with a small modular reactor (SMR) to provide flexible and cost-effective 

clean energy. Energy storage in the form of a battery energy storage system (BESS) 

for ramp rate regulation & frequency response and hydrogen (H2) via electrolysis as 

a co-product are employed to optimize these sources. A high-fidelity power model, 

using minute-scale environmental data, utilizing a detailed SMR plant model was 

developed to evaluate the dynamic operation, annual energy production, and 

financial viability of multiple HES configurations. Additionally, a transient model 

with sub-second time sampling was built to ensure the optimal economic solution 

can also meet bounding transient cases. As the result of this thesis show, an HES 

can meet the contemporary demands of contemporary power systems, but the 

financial viability is dependent on government subsidies, or significant progress 

being made on reducing SMR capital cost, or improving the value of hydrogen 

storage. 
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CHAPTER 1  

INTRODUCTION 
 
 This thesis covers research into the unique challenges and opportunities 

offered by combining clean energy resources together into an aggregate hybrid 

energy system (HES) to offset traditional fossil fuel power generation. This topic is 

just one aspect in the larger effort to decarbonize energy production for the sake of 

reducing the impacts of human caused climate change. The key challenge with this 

topic is pursuing the clean energy transition, without compromising power system 

reliability and maintaining the lowest possible cost of energy. For this thesis, the 

contribution to this topic is the dynamic modeling of an equivalent linear time 

invariant HES of multiple energy sources operating in parallel based on empirical 

inputs. The model considers practical limitations and environmental constraints to 

find an optimal HES configuration that meets contemporary power demands with 

the highest return on investment.  

 

 In 2021, approximately 25% of GHG emissions in the United States came 

from the electric power industry [1]. Furthermore, for other industries to 

decarbonize (e.g. transportation, buildings, manufacturing), increased demand for 

electricity is required through efforts like the expansion of electric vehicles, electric 

heating, and electric drive motors for industrial processing, to name a few. The 

current challenge in pivoting away from traditional energy sources are the 

operational constraints of the alternatives: nuclear and renewable energy sources 
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(primarily, wind and solar). Renewable sources are constrained by their limited 

resource availability and flexibility with curtailment being the only practical 

regulation method. Nuclear sources are primarily constrained by their economics 

and secondarily by their relatively slow response rates. Combining these 

constrained sources together with energy storage to form an HES has the potential 

to meet contemporary energy reliability requirements while maintaining the lowest 

possible cost. The proposed HES, with all sources considered, is shown in a single 

line diagram in Figure 1. This study uses dynamic power modeling to evaluate the 

frequency response of the HES. With the model developed, power production cases 

are simulated to determine the number of ramp rate violations, period of energy 

surplus, energy deficits, and transient support. From this analytical work, the 

practical limits of HES are found, balancing energy storage with curtailment, and 

future cost points for economic viability. Finally, an optimal configuration for an 

HES in different regions is found based on the relative nameplate capacity of each 

resource considered and normalized to their economic return on investment. 
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Figure 1: The full HES considered in this study. 

 

1.1 Why a Hybrid System?  

There are many ways to represent the interoperability of nuclear, renewable, 

and energy storage systems. They can be considered as multiple standalone energy 

sources tied to unique feeders over a large geographical area. This can be modeled 

as a large IEEE Bus model on separate nodes for each resource. This is particularly 

useful for modeling distributed renewable resources. While this gives a robust 

network solution, it is very process intensive and requires non-trivial computational 

power for analyzing annual energy production at a high sample rate. Furthermore, 

and particularly in the case of PV and WTG generation, weather patterns over a 
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large geographical can be quite diverse and cannot be accurately represented by 

empirical data from a single location. The primary advantage in studying a single 

plant model HES is that the results are generally worst case from a dynamic 

standpoint as local conditions are generally more extreme than the average weather 

conditions over a larger geographical area. Finally, modeling multiple sources as an 

HES gives a “best of both worlds” approach, where energy production from a PV 

system is complimentary to a WTG system, and vice versa. This is also true for 

nuclear energy production, when considering the effects of cooling water 

temperature on power output, as shown in Chapters 3 and 4. Finally, while outside 

the scope of this research, black start is an interesting topic for an HES that merits 

further study. The coupling of an SMR that utilizes a synchronous generator can 

support black start capabilities and the ability to parallel grid following power 

converters from PV and WTG systems from that, without the need for sophisticated 

grid forming converter control systems. 

 

1.2 Scope of Study 

This study focuses on the development of a model to accurately represent 

short (e.g. sub-second) and long-term (e.g. minutes, hours, months, seasonal) 

interactions of multiple generating resources electrically coupled to form an HES. 

This is accomplished by a linear time invariant system model developed in 

MATLAB/Simulink®. The inclusion of practical constraints gives further fidelity to 

the model. These include the impact of time varying environmental inputs for all 
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generating resources. It also includes degradation factors and life limiting 

constraints in the case of storage devices. The modeling effort follows an 

incremental development approach with each source developed independently and 

integrated into the final model.  

 

The development of an HES for this study takes the form of an incremental 

modeling approach. The first step is developing a dynamic model of the solar PV 

subsystem to accurately emulate its relatively fast transient effects and ways to 

passively mitigate them. The second step is to combine the PV model with a battery 

energy storage system (BESS) model to regulate ramp rate and network transients. 

Third is the development of the SMR with multiple modeling approaches evaluated. 

Fourth is the addition of WTG and PEM with the initial development of the HES. 

Finally, an IEEE 9 bus model is utilized to evaluate the transient response of an 

HES over and under frequency events on a power network. 

 

The study also considers the financial viability of HES. Based on referenced 

contemporary estimates for capital, operating, and recycling costs to find net 

present value (NPV) and internal rate of return (IRR) over a 4-year construction 

phase and 30-year operational life. The financial assessment is used to normalize 

the various HES configurations to find a solution that is bounded by revenue 

generation, energy demand met, and reducing excess curtailed energy. The financial 

model for this study normalizes the tradeoff between revenue, energy curtailed, and 
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deficit energy (i.e. load demand not met) to IRR. For curtailed energy, the result is 

reduced CF for the curtailed resources. For demand not met by the HES, an energy 

penalty based on the market energy rates for the region evaluated is applied to the 

results per kilowatt hour not met. The overlap of revenue, curtailment, and energy 

deficit is shown in Figure 2. 

 

 
Figure 2: Venn diagram between revenue, curtailed energy, and energy deficit for 

the proposed HES financial model. 

 

1.3 Contributions 

 Several key findings were uncovered as part of this research. Some of which 

are novel, while others reaffirm existing conclusions from past literature on the 

topic. A summary of the key contributions to this research topic is presented here: 
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 Contribution 1. Evaluating passive methods to mitigate ramp rates 

in a PV system (Section 3.1). Relatively fast changes in power production 

are an inherent characteristic of PV systems due to resource variability. 

Mitigating ramp rates is typically performed actively through inverter 

controls and/or an energy storage device. The first part of this thesis used a 

modified PV power model to consider tilt & azimuth angles, along with 

DC:AC ratio as input parameters. The variation of these parameters led to 

the result that a significant number of ramps from a PV system can be 

mitigated by varying these design parameters, particularly the DC:AC ratio. 

While these benefits come at an economic penalty for reducing energy 

production, they can still provide a more economical alternative than adding 

energy storage to fully mitigate ramps. 

 Contribution 2. Developing a minimum battery sizing algorithm 

based on a 10-year operational life for coupling BESS and PV 

systems (Section 3.2). Previous research used rainflow analysis to 

determine the useful life of a battery based on variable charge and discharge 

cycles. This contribution built on the previous work and developed an 

optimization loop to determine the minimum battery kilowatt hour size to 

support 10 years of operation based on multiple operational scenarios (active 

ramp rate regulation, peak shifting, and reserve margin). 

 Contribution 3. Modeling nuclear SMR power as a function of steam 

bypass and cooling water temperature (Section 3.3.2). For an HES, 
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modeling the SMR output to vary as the inlet cooling water temperature 

varies provides a unique complimentary relationship in SMR power output 

and PV output. When PV output is zero or relatively low, that typically 

corresponds to lower water temperature, which increases SMR power. The 

combined effects of these two environmental inputs results in a 

complimentary relationship that reduces the curtailment and energy storage 

requirements of the HES.  

 Contribution 4. Annual energy model of an HES using minute-level 

data (Section 4.2).  This model was constructed to accurately capture source 

variation from the renewable sources and couple them with load variation 

from the load following patterns. Previous studies evaluated as part of this 

work considered longer time intervals and generalized conditions, such as 

global horizontal irradiance and ambient air temperature for PV power 

estimates, which skewed the results from ramp rate and energy deficits. This 

research takes a more granular approach and considers an environmental 

dependency for each source that makes up the HES. 

 Contribution 5. Evaluation of multiple sources operating in parallel 

to provide frequency support (Section 4.4.1). This thesis looks at 

frequency triggers for the various resources and their coordinated response. 

The results show that an HES can offer autonomous frequency support for 

over, and under, frequency excursions. A short duration BESS can provide 

near instantaneous frequency support for seconds to minutes, while the 
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slower responding sources (e.g. SMR) have time to adjust to the new 

operating point. 

 Contribution 6. Evaluating the tradeoff between curtailment versus 

storing excess renewable energy (Section 6.5). One of the more 

interesting results of the full HES evaluation is the optimal PEM size is 

approximately 30% to 40% of the HES nameplate power (e.g. the total 

nameplate of the SMR and renewable generation). This ratio is dependent on 

the tax credits applied but indicates an optimal point between the capital cost 

of adding more PEM capacity versus the value of the excess energy stored. 

 Contribution 7. Reaffirming the need for low-cost energy storage 

and/or lower SMR capital costs (Section 6.5). The results of this thesis 

show that current unsubsidized costs do not favor a clean HES over 

traditional fossil fuel sources, even for the most economical configurations. 

With subsidies considered, they do favor a clean HES but are likely not the 

solution for large scale roll out of such systems. The key area of cost 

improvement for an HES, or clean energy systems in general, is reducing the 

capital cost of SMRs and/or decreasing the cost of energy storage. Without 

significant cost reductions in those areas, the economics of clean energy 

sources remains challenging. 

 
1.4 Arrangement of the Thesis 

 This thesis is arranged into seven chapters. The main technical content is 

in Chapters 3 through 6. The following is a summary of each research chapter: 
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 Chapter 3 provides an overview of the incremental models developed and 

tailored as part of this effort. This encompasses the PV, BESS, WTG, SMR, 

and PEM models. It also includes energy conversion device models for 

generators, power electronics, and electrolyzers. It further includes the 

incremental developments of passive/active ramp rate control and battery 

sizing loop. 

 Chapter 4 covers the fully integrated HES model and IEEE 9 Bus model. The 

integrated models cover the linearized models of the complete HES. An 

annual energy simulation based on minute-level data is constructed, 

configuration evaluated, to determine the period of energy deficit and 

surplus. Sources operate in parallel and are controlled based on SMR steam 

bypass regulation and renewable curtailment for cases where storage is not 

considered. For cases with storage, the setpoint on the PEM is varied to store 

excess power from the generation sources. For the IEEE 9 Bus model, voltage 

regulation is managed by the field excitation of the SMR synchronous 

generator with renewable sources operating at a fixed power factor. 

Additionally, for the 9 Bus model, an example of worst-case change in source 

and load is evaluated over multiple minutes of a sub-second sample rate. 

 Chapter 5 covers the financial assumptions, tax credits, project life cash flow, 

and model setup. The assumptions are based on the most recently available 

data for capital and operating costs for the resources. However, in the case of 

the SMR, since it’s a new technology, a nominal cost projection is used for 
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capital cost and heritage information on existing nuclear plants for operating 

costs. An annual cashflow is constructed for each year of the project life that 

considers things such as construction phase, SMR refueling, BESS and PEM 

replacement, and decreased performance of aging resources.  

 Chapter 6 provides the modeling results and the optimal configurations 

found. The results are broken into three parts: the results from the network 

model, the results from the annual energy analysis, and the financial results 

from the optimization loop. The best configuration for each region and each 

set of financial assumptions is provided. The results from this highlight the 

technical and financial limits of an HES and where opportunities for 

improvement lie.  

  

 Lastly, the Appendix includes images of the model constructed and raw 

data output for each configuration evaluated. 

 

1.5 Summary of Publications 

 The main publications that serve as the foundation for this thesis are listed 

below in chronological order. Each section that is derived from one of the below 

publications is identified at the beginning of each chapter. This thesis covers their 

work and expands on them in areas where less detailed information was provided in 

the publication, typically due to page count limitations.  
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CHAPTER 2  

LITERATURE REVIEW  
 

 This chapter summarizes the key literature referenced for this study. It 

consists of past research into hybrid systems and modeling techniques. Only the key 

reference models for ramp rates (Section 2.2), environmental resource (Section 2.3), 

BESS (Section 2.4), SMR (Section 2.5), and transient models (Section 2.6) are 

reviewed in this section as significant variations of those modules exist in the 

literature. The full details on the models referenced and tailored are covered further 

in Chapter 3. Methods of evaluating each resource, along with parallel operation, 

and network considerations are covered in Chapter 3. From these foundational 

models, the full HES model in this study is developed and tailored to meet the 

energy and economical objectives. From the literature review performed, a novel 

HES research approach is outlined for this thesis. 

 

2.1 Contemporary Research into Hybrid Energy Systems 

 A search of IEEE Xplore for certain keywords gives an anecdotal evaluation 

of the volume of research on HES that utilize nuclear and renewable sources. Table 

1 summarizes the keyword searches for several combinations of hybrid energy 

sources captured at the time of writing this thesis. While the combined keywords of 

“hybrid solar wind” yields 4,148 IEEE publications the keywords “hybrid solar 

nuclear wind” result in 87 results with “hybrid nuclear hydrogen” being the lowest 

with 56 publications. 
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Table 1: Summary of keyword searches on IEEE Xplore. 

Keywords Publication Results 

Hybrid Solar Wind 4,148 [2] 

Hybrid Renewables Storage 5,856 [3] 

Hybrid Renewables Hydrogen 822 [4] 

Hybrid Nuclear Renewables 190 [5] 

Hybrid Solar Nuclear Wind 87 [6] 

Hybrid Nuclear Hydrogen 56 [7] 

 

 While research is relatively limited, there have been notable recent 

developments in HES by Idaho National Laboratory (INL). INL has an ongoing 

research effort focused on hybrid systems, called the Integrated Energy Systems 

(IES) program [8]. This program focuses on combined renewable, natural gas, 

nuclear, and energy storage systems. IES also considers recaptured waste heat from 

reactors and energy storage options, including hydrogen with research focused on 

physics-based modeling. Publications to date from this group have been focused on 

the rationale for HES with limited modeling details, primarily focused on models for 

thermal and electrically coupled systems [9] – [11]. Figure 3 shows a notional 

diagram from [9] of a proposed HES with thermal and electrically coupled sources. 

While thermal coupling offers efficiency advantages, this thesis is focused only on 

electrically coupled sources and their interoperability. 
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Figure 3: INL notional HES with thermal and electrically coupled sources [9]. 

  

 Additional research has been performed by other institutions. In [12], 

different renewable hybrid configurations are coupled with a fossil fuel powered 

diesel generator for a techno-economic evaluation. In [13], a PV+WTG+BESS 

system is validated in a laboratory environment for transient response. In [14], a 

comprehensive overview of the applications, control, and implementation of 

renewable energy HES (non-nuclear) is evaluated. Clean energy HES using SMRs 

that are coupled with renewable energy is covered in [15] using low fidelity 

modeling and 15-minute time data. Finally, a technical evaluation of a PV+SMR 

hybrid system for a rural distribution feeder, including transient analysis, is 

covered in [16]. 
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 The modeling of HES is a novel research area as well. Analytical tools are 

being proposed to support their development. One of the most prominent HES 

modeling tools is from the National Renewable Energy Laboratory (NREL). The 

Hybrid Optimization and Performance Platform (HOPP) evaluates the optimal 

renewable HES configurations based on local resources and financial considerations 

across the United States [17]. The model developed as part of this study differs in 

by including SMR and aging factors which are not currently part of HOPP [17]. A 

summary of hybrid electrically coupled systems and software platforms used is 

given in Table 2.  

Table 2: Summary of SMR hybrid studies. 

Reference Sources Software Transient 

Analysis? 

Annual 

Energy 

Analysis? 

Financial 

Model? 

[12] PV, Wind, 

BESS, 

Diesel 

Generator 

HOMER No Yes Yes 

[13] PV, Wind, 

BESS, 

Super 

Capacitors 

MATLAB Yes No No 

[16] PV, SMR PSS/E Yes No No 
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Reference Sources Software Transient 

Analysis? 

Annual 

Energy 

Analysis? 

Financial 

Model? 

[18] PV, SMR, 

BESS 

PSS/E Yes No No 

[19] SMR, 

Biofuel, 

Desalination 

Not 

Specified 

No No Yes 

[20] SMR, Wind Not 

Specified 

Yes No No 

 

 This thesis expands on these previous efforts by modeling an HES 

considering renewable and nuclear resources operating in parallel for evaluation of 

all criteria: transient, annual energy, and financial. This study evaluates the 

economics of a renewable and SMR based HES on an annual basis, using minute 

level empirical data to bound the evaluation to environmental constraints. Finally, 

the use of aging factors for all resources evaluated improves the fidelity of the 

results for both real time energy deficits as well as the need for replacements over 

the 30-year operational life.  
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2.2 Literature Review of Ramp Rate Modeling 

 Ramp rate regulation is one of the key pieces of the model development and 

sets the sample rate of the annual energy model. Much of the research that has 

been performed in ramp rate mitigation has focused on reducing ramp rate through 

storage or using inverter controls to limit positive ramps or curtailment. In [21], the 

most common control strategies for reducing positive ramp rate through inverter 

controls and negative ramps with BESS are discussed. These approaches are cost 

effective for reducing positive ramps, but still require a BESS for the negative 

ramps, which make the economics of implementing them less appealing. Another 

approach is to forecast cloud cover to pre-emptively reduce solar output to minimize 

the negative ramp rate. This type of control is discussed in [22] - [23]. The use of 

cloud cameras is an effective way to mitigate cloud induced transients, but outside 

the scope of this study as this effort is focused on energy system modeling. In order 

to accurately measure and estimate the ramp rate resulting from a PV plant design, 

high-fidelity environmental data for simulations is incorporated.  

 

2.3 Literature Review of Environmental Data Sources 

 The primary database for empirical data for the renewable power inputs is 

the National Solar Radiation Database (NSRDB) [24]. The benefit of this database 

is a broad international repository of five-minute level data of numerous 

environmental vectors based on satellite data. The dataset runs through 2022, 

which aligns with the time range used for this study. The only notable drawback is 
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the time interval of five minutes is longer than the usual ramp rate measure of 

percent change in power per minute.  For this study, minute level data is utilized to 

provide worst case resource variability (discussed further in Section 6.1).  

 

 The use of high-fidelity environmental data has been previously performed 

to evaluate RR over geographical areas. In [25], environmental data from four sites 

across Colorado was used to estimate RR in terms of global horizontal irradiance 

(GHI) variability. This work was extended in [26], where the authors estimated the 

power output from a hypothetical power plant using averaged GHI across the same 

four sites. Further analysis performed in [27] shows the variation in RR estimates 

when using one-minute to fifteen-minute interval datasets and the variation in 

performance over a region of Northwest India. The results presented as part of this 

study extend the modeling techniques presented in [25] - [27] and take it a step 

further from measuring RR to evaluating the change in RR by sweeping these 

design parameters.  

 

2.4 Literature Review of BESS models 

 The topic of renewables coupled with a BESS for ramp rate control has been 

researched extensively, with a significant increase in publications over the last 

decade. This thesis builds on the previous work performed by a number of selected 

studies in [28] - [29] and combines a number of practical limits to develop a more 
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complete capability picture when it comes to planning considerations for a combined 

system. 

  

 Another method that is considered in the coordination of batteries is the 

augmentation of old batteries. Augmentation is the process of installing new 

batteries in parallel with older batteries in the BESS, typically isolated from each 

other through a DC-DC converter. This option is discussed further in [30]. 

Augmentation is not considered in this thesis as full replacement is considered 

every 10 year for the financial model. However, this is an option that merits 

evaluation when developing a plant as an alternative to the approach evaluated in 

this study. 

  

 While other methods and tools for degradation estimates exist, rainflow 

analysis is selected for its simplicity and existing MATLAB implementation. 

Rainflow is typically used in mechanical fatigue analysis but has also been proposed 

in [31] for solar PV variability and further evaluated in [32]. Rainflow analysis for a 

BESS coupled with a wind farm is also discussed in [33]. This thesis builds on these 

previous works and uses rainflow for BESS sizing that includes multiple battery 

charge/discharge constraints, varying ramp rate requirements and multiple use 

cases to determine the minimum energy size to support a 10-year operational life. 
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2.5 Literature Review of SMR models 

 Works considering SMR models are relatively recent with various hybrid 

systems works covered in [34], with simplified modeling, but no consideration of 

dynamic and operational cost models. In [35], a SMR model was developed to 

balance output variation from a wind farm with a changing energy demand pattern. 

Additionally, in [36] a simplified PV model was coupled with hydrogen electrolysis 

and BESS due to the PV system not being able to operate in nighttime hours. A 

dynamic model of an SMR is developed and verified in [37] using PSS/E. The basic 

methodology of developing the SMR model is based upon [37] and developed for the 

SMR sub-model in Chapter 3. 

 

2.6 Literature Review of Network Models 

 There are numerous models of networks for power system studies. The 

models are typically developed in a standard power system tool, like Siemens PTI 

PSS/E and based around IEEE standard bus models (3 bus, 9 bus, 13 bus, 33 bus, 

etc…) [38]. Transient studies with SMR and renewable HES are discussed in 

previous sections. Another relevant modeling technique with a WTG fault in an 

IEEE 14 bus model was provided in [39] using hourly sampled load data. Stability 

models for standalone renewable systems are abundant, including [39] – [40], but 

only cover the power electronics response. Likewise, nuclear plants have numerous 

studies performed on their transient stability within an IEEE bus models in [40] – 

[42] using commercially available software. Models in MATLAB/Simulink have 
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been recently provided as part of the Simscape toolkit with the IEEE 9 bus model 

utilized for this study [43]. This study focuses on the dynamic modeling of the SMR 

generator and steam turbine regulation with the renewable sources modeled as 

negative loads, as discussed in Section 4.4. The rationale being the time response of 

the rotating machines is much slower than the power electronic-based generation 

and is driving the overall response time of the HES. 
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CHAPTER 3 

HES FOUNDATIONAL MODELS 

 The HES is modeled as an aggregation of foundational models. These are 

the source and storage models that are electrically coupled to represent the fully 

integrated HES. These models are discussed in this chapter. The PV, PEM, and 

initial SMR models are based on literature with some modifications made to 

support this study. Discussed in this chapter are the PV, WTG, SMR, BESS, and 

PEM models. The PV model in Section 3.1 was developed as part of [Publication A] 

to evaluate passive ways to mitigate ramp rates. The BESS model in Section 3.2 

was developed in [Publication B] to actively mitigate ramps from a PV system. The 

SMR and PEM models in Sections 3.3.1 and 3.5 were developed in [Publication C] 

as part of an initial HES model. The SMR model in Section 3.3.2 was further 

refined in [Publication D] to account for seasonal variations of inlet cooling water 

temperature. The WTG model in Section 3.4 was also developed in [Publication D] 

to evaluate a fully renewable and nuclear, electrically coupled, HES.  

 

3.1 PV Modeling and Passive Ramp Rates 

 This section covers the PV model that was developed in [Publication A] to 

determine passive ramp rate mitigation. The PV resource has the highest 

variability. As such, the modeling effort commenced by utilizing a high-fidelity 

model to capture the inferred ramp rates. From this effort, the DC:AC ratio impacts 

are incorporated into the PV sizing of the overall HES model. 
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3.1.1 PV Multivariable Model 

 A common way to determine the power output of a PV plant is to use data 

sets that have hourly global horizontal irradiance (GHI) and ambient air 

temperature. These parameters are helpful for gross estimation of power output 

and rely on relatively low-cost instrumentation with minimal data storage. 

However, these simplified models can differ significantly from actual PV 

performance when considering the time-based interaction of all irradiance vectors: 

GHI, Direct Normal Irradiance (DNI), and Diffused Horizontal Irradiance (DHI). 

Furthermore, the variability of solar production is fast enough that hourly samples 

provide no meaningful data for analyzing ramp rates. In addition, the power 

production of a solar plant will be analyzed with respect to the array’s irradiance at 

the plane of array (POA) with wind speed and solar cell level temperature 

accounted for. To capture this level of detail, further data is needed from the 

environmental resources set. An illustrative view of these vectors is given in Figure 

4.  The variables required to capture these dynamics include the following: 

 GHI in watts per square-meter (W/m²) 

 DHI in watts per square-meter (W/m²) 

 DNI in watts per square-meter (W/m²) 

 Ambient air temperature in degrees Celsius (ºC) 

 Wind speed in meter per second (m/s) 

 Solar azimuth angle in degrees (º) 

 Solar zenith angle in degrees (º) 
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Figure 4: Multivariable approach to PV power production modeling.  

 

 
 The PV environmental performance calculations are referenced from the 

Sandia modeling collaborative [44]. The derived calculations allow for angular 

adjusted parameters for irradiance and solar cell temperature that can feed into the 

PV system power model. To determine POA irradiance, the angle of incidence (AOI) 

between the irradiance vectors and the orientation of the solar panel is needed. The 

relationship for AOI is defined as 
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 𝐴𝑂𝐼 = 𝑐𝑜𝑠ିଵ[𝑐𝑜𝑠(𝜃௭) 𝑐𝑜𝑠(𝜃்) + 𝑠𝑖𝑛 (𝜃௭)𝑠𝑖𝑛 (𝜃்)𝑐𝑜𝑠 (𝜃஺ − 𝜃஺,௔௥௥௔௬)]  (1) 

  

 The relationship between the irradiance vectors GHI, DNI and DHI with 

the POA are given by the following expression: 

 

 𝑃𝑂𝐴ூோோ = 𝐺𝐻𝐼௕௘௔௠ + 𝐷𝑁𝐼௕௘௔௠ + 𝐷𝐻𝐼௕௘௔௠     (2) 

 

 These three vectors give the irradiance contribution on the solar array, from 

the three sources: ground reflected, direct normal, and cloud reflected. These 

relationships are defined as: 

 

𝐺𝐻𝐼௕௘௔௠ = 𝐺𝐻𝐼(𝑎𝑙𝑏𝑒𝑑𝑜) ቀ
ଵି௖௢௦ (ఏ೅)

ଶ
ቁ      (3) 

𝐷𝑁𝐼௕௘௔௠ = 𝐷𝑁𝐼𝑐𝑜𝑠 (𝐴𝑂𝐼)        (4) 

𝐷𝐻𝐼௕௘௔௠ = 𝐷𝐻𝐼
ଵି௖௢௦(ఏ೅)

ଶ
+ 𝐺𝐻𝐼

(଴.଴ଵଶఏ೥ି଴.଴ସ)(ଵି௖௢௦(ఏ೅))

ଶ
    (5) 

     

 Note: all of the parameters are measured from the site instrumentation, 

except for the tilt angle, which is a design parameter. The 𝐺𝐻𝐼௕௘௔௠ is a measure of 

the irradiance reflected from the ground and is also dependent on albedo. The 

𝐷𝑁𝐼௕௘௔௠ is the direct normal irradiance from the sun. The 𝐷𝐻𝐼௕௘௔௠ is a measure of 

the irradiance reflected from the clouds and is based on the Sandia cloud irradiance 

model in [44]. 
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 The solar cell temperature is based on one-minute sampled ambient air 

empirical data. The PV module temperature 𝑇௠ is defined as the following: 

 

 𝑇௠௢ௗ = 𝑃𝑂𝐴ூோோ𝑒(௔ା௕௩೘೐ೌೞೠೝ೐೏) + 𝑇௔      (6) 

 

 From this, the PV cell temperature 𝑇௖ can be determined to find the actual 

temperature, and therefore cell efficiency. This is defined as following relationship: 

 

 𝑇௖ = 𝑇௠௢ௗ + 𝑃𝑂𝐴ூோோ
௉ை஺಺ೃೃ

ௌ்஽಺ೃೃ
∆𝑇       (7) 

 

 The solar cell temperature is also impacted by the time constant of the PV 

panel materials. This is due to the thermal properties of the materials that make up 

the panel and the time it takes for temperature rises to be absorbed through each 

layer of a PV module. From [45] - [46], polycrystalline panels were evaluated to 

measure their time constant in varying test conditions. They concluded a time 

constant between five to seven minutes. Hence, in this study, a time constant of six 

minutes is applied. The time constant is implemented into the model using the 

universal thermal time constant expression from [45] and defined as: 

 𝑇௖(𝑡) = (𝑇௖(𝑡௜ିଵ) − 𝑇௖(𝑡௜))𝑒
ష೟

ഓ + 𝑇௖(𝑡௜)      (8) 
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 The DC PV power is the product of the plane of array irradiance, array 

area, temperature coefficients and module efficiency. For AC power, this 

relationship also includes accommodation for DC:AC ratio and inverter efficiency, 

which is given as: 

 𝑃௉௏௔௖(𝐴𝑂𝐼, 𝑇௖௘௟௟, 𝑃𝑂𝐴ூோோ) =
௉ை஺಺ೃೃ஺ೌೝೝቀଵିఈುೇ൫்೎೐೗೗ି்ೝ೐೑൯ቁఎ೘೚೏ఎ೔೙ೡ(௉ುೇ_ವ಴೏೎)

஽஼஺஼ೝೌ೟೔೚
  (9) 

 

 Note the values for PV module coefficients and efficiency are based on the 

Canadian Solar 330-watt polycrystalline module [47]. Inverter efficiency is a 

dynamic value that is dependent on the relative level of power output. In order to 

capture this relationship, the efficiency curve is referenced from an SMA Sunny 

Central one-megawatt inverter [48]. 

 

3.1.2 PV Ramp Rate Sensitivity  

3.1.2.1 Single Variable Sensitivity 

 The optimal tilt angle for energy production varies depending on the 

latitude of the site. For this analysis, the tilt angle is swept from 10 degrees to 60 

degrees, in 5-degree increments, to assess how the annual energy generation and 

annual number of ramps worse than negative 10% per minute are impacted. This 

range of variability represents the practical range of tilt without going to extreme 

angles that results in high panel soiling or excessive structural material needs. All 

other parameters were held constant at their optimal energy production values for 

azimuth and DC:AC ratio. Tilt angle sensitivity results for the UO site, which are 
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normalized against the baseline results in Table 3, are shown in Figure 5. The 

optimal ramp rate design point is evaluated against the baseline design with the 

change in energy, ramps, and LCOE captured in Table 4. It can be seen in Figure 5 

that the number of ramps is at a minimum at 10-degree tilt angle. Changing tilt 

angle alone has a significant energy impact with a relatively small reduction in 

ramps. 

Table 3: Baseline energy and ramp rate for optimal PV energy configuration. 
Site Annual Energy 

Generation (𝑀𝑊ℎ஺஼) 
Ramps Worse Than 
Negative 10%/min 

𝐶𝐹஽஼ 
(%) 

LCOE 
($/𝑘𝑊ℎ஽஼) 

UO 20,941 5,491 15.9 0.076 
 

 
Figure 5: Annual energy generation and ramps as tilt angle is varied. 
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 The azimuth angle of a PV array is used to align the azimuth orientation 

with the solar azimuth orientation. In the Northern Hemisphere, the optimal PV 

azimuth angle is close to 180 degrees and corresponds with the average solar 

azimuth angle. It can be seen from Eq (1) that when these two angles are equal, the 

minimum AOI is obtained. For this analysis, the azimuth was swept from 90 

degrees to 270 degrees in 10-degree increments. This range represents the practical 

range of azimuth angles in the northern hemisphere from true east (90 degrees) to 

true west (270 degrees). All other parameters were held constant at their optimal 

energy production values for tilt angle and DC:AC ratio.  

 

 It can be seen in Figure 6 that the number of negative ramps and energy 

production are closely coupled when varying azimuth angle. Minimum ramping 

occurs when the azimuth is at 90 degrees. This is consistent with achieving peak 

energy production early in the day, prior to afternoon cloud cover. The optimal 

azimuth point for minimum RR quantity is site climate dependent and could occur 

at either 90 or 270 degrees. Normalized azimuth angle sensitivity results for the UO 

site are shown in Figure 6. The optimal RR design point is evaluated against the 

baseline design in Table 3 with the change in energy, ramps, and LCOE captured in 

Table 4. It can be seen in Figure 6 that the number of ramps is at a minimum at 90-

degree azimuth angle. When compared to the tilt angle sensitivity, the azimuth 

angle variation results in a much more significant decrease in RR with a slight 

increase in the energy lost from the Table 3 configuration.   
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Figure 6: Annual energy generation and ramps as azimuth is varied. 

 
 While theoretically there is no limit to the DC:AC ratio, practical issues, 

particularly the excess energy dissipated on the PV panels, results in the ratio 

typically being limited to a maximum size of 2.0. For this analysis, the DC:AC ratio 

was swept from 1.0 to 3.0 in 0.1 increments with clipping losses being accounted for. 

All other parameters were held constant at their optimal energy production 

positions for tilt and azimuth. The normalized results compared against the 

baseline configuration in Table 3 are shown in Figure 7 with the results given in 

Table 4. The number of ramps peaks at a ratio of 1.4 and then drops as the ratio 
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increases to 3.0. This is due to the “stretching effect” from the DC:AC ratio clipping 

more excess energy can reduce the overall ramp magnitude seen at the AC output.  

 

 The tradeoff is that the clipped energy (the energy not converted to AC 

power and left on the PV panels as heat) increases as seen in Figure 7. This lost 

energy could potentially be stored and used for energy during non-sunlit or low 

irradiance periods, but this implementation is outside the scope of this study. It can 

be seen in Figure 7 that the number of ramps is at a minimum at 3.0 DC:AC ratio. 

When compared to the tilt and azimuth angle sensitivity, the DC:AC variation 

results in a much more significant decrease in RR, but with a high energy loss as 

well.  One thing to note is that the LCOE is at its maximum with a 3.0 DC:AC ratio. 

This is due to the reduced CF from overall less DC energy being converted to AC. 

Tradeoffs between LCOE and reduced RR are situation-dependent design choices, 

and there exists no optimal one-size-fits-all solution. 
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Figure 7: Annual energy generation and ramps as DC:AC ratio is varied with 

clipping loss captured. 

 
Table 4: Summary of single parameter sweep. 

 Annual Energy Generation  

Δ from Table 3 

Ramps Δ from 

Table 3 

𝐶𝐹஽஼ 

(%) 

LCOE 

($/𝑘𝑊ℎ஽஼) 

Tilt -1.48% -7.5% 15.7% 0.080 

Azimuth -19.2% -30.6% 12.7% 0.100 

DC:AC Ratio -34.8% -34.6% 10.2% 0.118 
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3.1.2.2 Multivariable Parameter Sensitivity 

 Multiple parameters were also varied to determine if a more optimal point 

for energy and RR value could be found from varying multiple parameters. The 

results show that varying two parameters away from their traditional optimal 

energy points can produce regions where energy and RR quantity are optimized. 

The changes in energy production and ramps from the optimal energy point to the 

ramp minimization are presented. 

 

 The tilt and azimuth angle were varied, with the DC:AC ratio held 

constant, to the same limits as the single variable sweeps were varied. The two 

variable results are shown in Figure 8 for the UO site and change in energy and RR 

are shown in Table 5. It can be seen from these combined views that for these 

combined parameters, the minimum number of ramps occurs in the corner case 

where tilt is at 60 degrees and azimuth is at 90 degrees. However, at the high tilt 

angle energy production is significantly reduced by the high tilt angle. Analytically 

this can be seen in Eq. (1) for the AOI. With all other variables being constant, the 

cosine terms will be close to zero when both azimuth and tilt are at high angles, 

which reduces energy production. Overall, the combination of suboptimal tilt and 

azimuth angle reduce RR quantity to a lesser extent than their single parameter 

variation, but the energy and LCOE is slightly higher when compared to the 

baseline configuration in Table 3. The optimal RR design point with a 10-degree tilt 
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angle and 90-degree azimuth is normalized against the baseline design with the 

results given in Table 5. 

 

 

 

Figure 8: Annual energy generation and ramps as tilt and azimuth are varied. 

 
 The tilt angle and DC:AC ratio were varied across the same values as the 

single variable sweeps were performed, with the azimuth angle fixed. The two 

variable results are shown in Figure 9 for the UO site. With the AC size reduced as 
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the DC:AC ratio increases, the energy and RR quantity decrease proportionally. It 

can be seen in Figure 9 that the energy plane is relatively flat for ratios around 1.5 

DC:AC ratio. The optimal RR design point for this two-parameter variation occurs 

with a 10-degree tilt angle and 3.0 DC:AC ratio. The LCOE is at a maximum for 

this case due to the reduced energy production from this case. The normalized 

comparison of this two-parameter variation against the baseline design is shown in 

Table 5.  

 

 

Figure 9: Annual energy generation and ramps as DC:AC ratio and tilt are varied. 
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 The azimuth angle and DC:AC ratio varied between the same limits as the 

single variable sweeps were performed, with the tilt angle fixed. The two variable 

results for annual energy production and are shown in Figure 10. As with the single 

parameter sweeps, maximum energy occurs at a 180-degree azimuth and minimum 

RR quantity at 90 degrees. PV CF and RR quantity improve with higher DC:AC 

ratio. The optimal RR design point with a 90-degree azimuth angle and 3.0 DC:AC 

ratio is evaluated against the baseline, with results shown in Table 5. 

 

 

Figure 10: Annual energy generation and ramps as DC:AC ratio and azimuth are 

varied. 
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 Finally, the evaluation of all three parameters was made at the minimum 

RR found from the two-parameter sweep results (e.g. Tilt of 10º, Azimuth of 90º, and 

DC:AC ratio of 3.0). The results are summarized in Table 5 and compared against 

the baseline configuration in Table 3. The variation of tilt with DC:AC ratio is the 

most balanced solution in terms of reducing RR while having a reduced increased in 

LCOE. Figure 11 shows the histogram result of the three-parameter variation. 

When compared to the initial optimal energy configuration shown in Table 3, RR is 

reduced along the entire spectrum of ramp rates with a 46% overall reduction in 

annual RR quantity with ramps worse than negative 70% per minute eliminated. 

The results show comparable benefit to varying all parameters as shown from 

varying DC:AC with azimuth or tilt. 

 

Table 5: Summary of multiple parameter sweep. 

 Annual Energy 

Generation Δ 

from Table 3 

Ramps 

Δ from 

Table 3 

𝐶𝐹஽஼ 

(%) 

LCOE 

($/𝑘𝑊ℎ஽஼) 

Tilt & Azimuth -5.4% -19.5% 15.1% 0.085 

Tilt & DC:AC -33.5% -40.7% 10.6% 0.114 

Azimuth & DC:AC -38.8% -47.3% 9.7% 0.124 

Tilt & Azimuth & 

DC:AC 

-34.8% -46.4% 10.7% 0.117 
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Figure 11: Annual ramp rate count with three parameter variation incorporated. 

 

3.2 BESS Model 

 This section covers the development of the BESS model for the primary 

purpose of providing ramp rate control for the renewable sources. The use of BESS 

for ramp rate control is well understood. This section covers the incorporation of 

ramp rate control with aging effects of the battery to determine the minimum initial 

size to support a 10-year operational life.   
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3.2.1 Battery Cyclical Degradation and Rainflow Algorithm 

 To properly evaluate the coupling of renewable sources and BESS, the 

operational constraints of a BESS need to be properly bounded. A major contributor 

to battery life expectancy is cycle degradation, which is the incremental degradation 

of a battery as a function of its depth of discharge (DOD) per interval cycle. The 

cycle life curve is referenced from [49] and curve fitted with a two-parameter 

exponential curve to align with the degradation analysis performed later. The 

expression is shown in Eq. (10) with the full range curve fitted shown in Figure 12. 

 

 𝐶𝑦𝑐𝑙𝑒(𝑡) = 𝐴(𝐷𝑂𝐷)஻        (10) 

 

 

Figure 12: Battery cycle life as a function of DOD. 
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 The cycles of a BESS with multiple use cases are not typically full 100% 

cycles. To account for sub-cycles and determine their equivalent effect on the BESS 

degradation, a rainflow algorithm is implemented. The rainflow algorithm is a step-

by-step method of consolidating a list of time series data into a series of rising and 

falling slopes to determine where the changes in DOD slope occur and their 

magnitude. The full rainflow algorithm is discussed in depth in [31] and is 

summarized as follows: 

 The full one-minute DOD dataset is reduced to a smaller dataset, 𝐷𝑂𝐷௥, to 

account for times when the DOD has peaks and valleys with a +/-0.5% dead 

band applied to account for trickle charge or discharge (which are counted as 

part of the calendar aging effects shown later).  

 The first three points in the series are sorted into line segments as follows: 

 𝑅௫(𝑡௜) = |𝐷𝑂𝐷௥(𝑡௜) − 𝐷𝑂𝐷௥(𝑡௜ + 1)|      (11) 

 𝑅௬(𝑡௜) = |𝐷𝑂𝐷௥(𝑡௜ + 1) − 𝐷𝑂𝐷௥(𝑡௜ + 2)|      (12) 

 Rainflow cycles, RF, are determined to be either a half cycle (0.5) or a full 

(1.0) if the second line is larger and satisfies the following criteria: 

 𝑅𝐹(𝑡௜) = ቊ
0.5, 𝑖𝑓 𝑅௫(𝑡௜) ≤ 𝑅௬(𝑡௜) 𝑎𝑛𝑑 𝑡௜ = 1 

1.0, 𝑖𝑓 𝑅௫(𝑡௜) ≤ 𝑅௬(𝑡௜)
      (13) 

 The range (DOD in this case) is found from the difference between 𝑅௫ and 𝑅௬. 

 The sequence is repeated for the next three points until all rising and falling 

line segments are accounted for. 
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 The cycle counts from this process are then summed against the DOD for 

each cycle interval to give the full degradation per cycle from the annual dataset. 

Combining Eq. (10) – (13), the full degradation expression for this is given by: 

 

 𝐷௖௬௖௟௘(𝑡௜) = ∑
ோி(௧೔)

஼௬௖௟௘(௧೔)

௡
௜ୀଵ × 100.       (14) 

 

3.2.2 Other Aging Factors 

 Another factor in the life of a battery cell is calendar degradation, 

sometimes referred to as aging losses. For days when the battery is not utilized to 

support, for example, PV generation (e.g. a rainy day with no RR events and 

minimal irradiance), the battery still experiences a slight degradation from being 

energized and held to an average 50% SOC. From [49], the calendar loss for a 

battery that is initially charged to 50% SOC is approximately 3% per year. The 

daily loss is then accounted for by dividing the annual loss to obtain the following: 

 

 𝐷௖௔௟௘௡ௗ௔௥(𝑡) =  
ଷ%/௬௘௔௥

ଷ଺ହ.ଶହ ௗ௔௬௦/௬௘௔௥
= 0.008 % 𝑙𝑜𝑠𝑠/𝑑𝑎𝑦     (15) 

  

 Additionally, lithium-ion batteries are also very sensitive to operating 

temperature. Temperatures too high or too low can negatively impact capacity and 

increase aging. The cell analyzed in this study has an optimal operating 

temperature of 35 degrees Celsius [49] and is the assumed operating temperature 

for this study. Thermal management is not considered further.  
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 Finally, battery life is negatively impacted by high current rates. This is 

typically defined as C-rate, which is the ratio of maximum current to the amp-hour 

capacity. From [49], the cycle life testing performed was at a maximum 1C rate. 

This constraint is rolled into the model and the minimum battery is sized to always 

stay under 1C. 

 

3.2.3 Minimum BESS Sizing 

 After the initial BESS sizing, the minimum size in terms of megawatt-

hours, is determined by analyzing the annual degradation to determine if the 

battery exceeds the maximum of 3% per year. The annual degradation is the sum of 

the cycle and calendar losses: 

 

 𝐷௔௡௡௨௔௟ = ∑ 𝐷௖௬௖௟௘ + ∑ 𝐷௖௔௟௘௡ௗ௔௥ ≤ 3%/𝑦𝑒𝑎𝑟.     (16) 

 

 If the annual degradation exceeds this inequality, the BESS size is 

incrementally increased in a 5% per interval and the SOC and rainflow calculation 

is repeated. This process continues until the degradation criteria is satisfied. The 

full process flow of the model is shown in Figure 13. 
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Figure 13: Flowchart of the process to determine the minimum BESS size from 

input parameters to final size.  

 

3.2.4 BESS Model Results and Validation 

 Scenarios were analyzed with the 2022 UO dataset based on varying the RR 

between having no limit to having a 50% per minute limit along with the DC:AC 

ratio varying from 1.0 to 2.0 in 0.1 increments. In total, 77 unique cases were 

evaluated and summarized in Table 6. The relationship between DC:AC ratio and 
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RR requirements to the minimum BESS size are provided in Figure 14. The results 

show capturing the clipped losses from high DC:AC ratio is the primary driver of 

BESS sizing, and it is even more pronounced when considering a high DC:AC ratio 

and a small RR limit. There is also a slight shift in the BESS minimum size when 

considering systems with no RR limit and small DC:AC ratio versus other 

configurations. This is largely due to the differential between the positive RR (e.g. 

charging) and negative RR (e.g. discharging) throughout the year. There can be 

cases with larger positive ramps or larger negative ramps, which varies the 

minimum sizes for the various RR cases. 

Table 6: Minimum BESS initial capacity (MWh) for 10-year operational life. 

RR/DC:AC 1.0 1.2 1.4 1.6 1.8 2.0 

+/- 5%/min 17.8 51.0 130.4 205.9 267.5 319.5 

+/- 10%/min 13.7 50.6 135.7 216.2 284.8 337.4 

+/- 15%/min 10.1 49.7 137.8 220.4 294.1 349.0 

+/- 20%/min 7.6 48.3 137.5 227.5 301.1 357.9 

+/- 25%/min 6.2 48.3 138.1 227.7 302.3 359.8 

+/- 50%/min 3.9 51.4 143.9 235.1 309.8 364.6 

No RR limit 4.6 53.5 145.3 235.1 310.7 365.5 
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Figure 14: Minimum BESS growth as a function of DC:AC ratio with RR limited to 

+/- 10 per minute. 

 
3.3 SMR Model 

 The SMR model is based on the design of the 45 MWe NuScale SMR that 

was approved by the U.S. Nuclear Regulatory Commission in 2020 [50]. This section 

covers two different methods of modeling the SMR. The first is the dynamic power 

model, which is based on literature and validating the model to the publicly 

available International Atomic Energy Agency (IAEA) simulator for this SMR. The 

result is an 8th order transfer function of the input power setpoint to net electrical 

power output. The second model is a linear interpolation of energy balance model 

based on the Rankine cycle of the referenced SMR. Both models are utilized as part 

of the study, and both are validated against the publicly available SMR simulator. 
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The dynamic model is used for transient analysis, while the interpolated model is 

used for minute level annual energy analysis. 

 

3.3.1 Reactor Dynamics Model 

 The SMR model developed for this study is based on the Mann reactor core 

model [51] for a pressurized water reactor (PWR). The objective of the model is to 

represent the energy flow from the fuel rods in the reactor to the turbine-generator 

electrical power in terms of a high order time invariant transfer function. The model 

was further validated against the International Atomic Energy Agency (IAEA) 

model for NuScale SMR performance [52]. Figure 15 shows the notional reactor 

diagram with key parameters identified. The first part of the model is the 

derivation of the reactor core neutron flux, as described in [37] and [53]: 

 

 
ௗఝ೑

ௗ௧
= ቀ

ఘ

௸
−

ఉ

௸
ቁ 𝜑 + 𝜆𝐶        (17) 

 

 ௗ஼

ௗ௧
=

ఉ

௸
𝜑௙ − 𝜆𝐶         (18) 

 

 The heat transfer model is derived from [54] with NuScale specific 

parameters incorporated from [37] with the temperature relationships defined as 

 

 
ௗ்೑

ௗ௧
=

ఛ௉ೝఝା௛೑೎஺೑೎(்ഇభି்೑)

௠೑௖೛೑
        (19) 
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 ௗ்ഇభ

ௗ௧
=

(ଵିఛ)௉ೝఝା௛೑೎஺೑೎൫்೑ି்ഇభ൯

௠೎௖೛೎
+

ଶ௠̇೎೛(்ഇభି்ഇమ)

௠೎
     (20) 

 

 ௗ்ഇమ

ௗ௧
=

(ଵିఛ)௉ೝఝା௛೑೎஺೑೎൫்೑ି்ഇభ൯

௠೎௖೛೎
+

ଶ௠̇೎೛(்಴ಽି்ഇభ)

௠೎
     (21) 

  

 

Figure 15:  Simplified diagram of a pressurized water reactor. 

 
 The heat transfer from the primary coolant loop is estimated from the hot 

leg temperature and design parameters for the reactor. From there, the 

temperature in the heat exchanger, or metal lump, is defined as:  

 

 
ௗ ೛்

ௗ௧
=

௠̇೎೛൫்ಹಽି ೛்൯ା௛೛೘஺೛೘( ೘்ି ೛்)/௖೛

௠೛
      (22) 
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 ௗ ೘்

ௗ௧
=

௛೛೘஺೛೘൫ ೛்ି ೘்൯ା௛೘ೞ஺೘ೞ( ೞ்ೌ೟ି ೘்)

௠೘௖೘
      (23) 

 

  The change in saturation pressure in the secondary loop is determined by 

the mass flow, change in enthalpy, and based on multiple empirical points in the 

denominator estimated from literature [54]: 

 

 
ௗ௉ೞೌ೟

ௗ௧
=

௛೛೘஺೛೘( ೘்ି ೞ்ೌ೟)ା௠̇೎ೞ(௎೎೚೙ೞ೟)

௠ೞೢ
೏ೆೢ

೏೛
ା௠ೞೡ

೏ೆೡ
೏೛

ି
ೆೢೡ
ೡೢೡ

೏ೡ೒

೏೛

      (24) 

   

 Finally, the net electrical power out of the turbine is determined as the 

product of the change in enthalpy and the steam mass flow through the turbine. 

Generator and turbine efficiency was estimated as a function of power level from 

literature [55] and shown as the following: 

 

 𝑃ௌெோ = 𝜂௘௟௘௖(𝑃௧௨௥௕)𝜂௠௘௖௛∆ℎ ∙ 𝑚̇௖௦      (25) 

  

3.3.2 Steam Cycle Mass Flow and Energy Balance Model 

 The second modeling approach is a detailed mass and energy balance model 

of the Rankine cycle developed and validated against the IAEA simulator [52]. The 

advantages of this model over the dynamics model in Section 3.3.1 is coupling power 

to inlet water temperature and much faster simulation time with comparable 

results. Eq. (26) through (39) present the basic mass and energy relationships that 
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govern the operation of the SMR model. The model assumes a constant thermal load 

from the reactor module and is utilized to assess the impact of variation in the inlet 

cooling water temperature and condenser fouling on the power output of the SMR 

unit. As discussed in [56], these parameters influence the heat removal from the 

condenser, the operating pressure of the condenser, which influences the thermal 

efficiency of the steam power cycle within the SMR unit. Eq. (26) - (39) describe the 

fundamental relationships between the energy transferred through the condenser 

and the physical design of the condenser. This model is also utilized to assess the 

impact of power regulation on the performance of the SMR unit in the form of steam 

bypass for cases where hydrogen storage is not utilized. For cases with PEM 

storage, bypass is not considered. Constant and relational values are found from the 

International Atomic Energy Association (IAEA) simulator for the NuScale SMR 

[52]. Table 7 summarizes the key constant values from the simulator nominal 

operating point as well as design assumptions for the SMR model. Figure 16 

presents a graphical depiction of the SMR model. The relationship for the energy 

balance model is the following: 

 

 𝑚ଵ = 𝑚ଶ + 𝑚ଷ         (26) 

 𝑚ଶ = 𝑚ସ + 𝑚ହ + 𝑚଺ + 𝑚଻       (27) 

 𝑄௕௢௜௟ = 𝑚ଵ(ℎଵ − ℎଵଷ)        (28)

 𝑊௧௨௥௕ = 𝑚ସ(ℎଶ − ℎସ) + 𝑚ହ(ℎଶ − ℎହ) + 𝑚଺(ℎଶ − ℎ଺) + 𝑚଻(ℎଶ − ℎ଻)  (29) 

 𝑄௖௢௡ௗ = 𝑚ଷ(ℎଷ − ℎ଼) + 𝑚ସ(ℎଵସ − ℎ଼) + 𝑚ହ(ℎଵହ − ℎ଼) 
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  +𝑚଺(ℎଵ଺ − ℎ଼) + 𝑚଻(ℎ଻ − ℎ଼)      (30) 

 𝑊௣௨௠௣,ଵ = 𝑚ଵ(ℎଽ − ℎ଼)        (31) 

 𝑊௣௨௠௣,ଶ = 𝑚ଵ(ℎଵଶ − ℎଵଵ)        (32) 

 𝑚ସ(ℎସ − ℎଵସ) = 𝑚ଵ(ℎଵଷ − ℎଵଶ)       (33) 

𝑚ହ(ℎହ − ℎଵହ) = 𝑚ଵ(ℎଵଵ − ℎଵ଴)       (34) 

𝑚଺(ℎ଺ − ℎଵ଺) = 𝑚ଵ(ℎଵ଴ − ℎଽ)       (35) 

𝑄௖௢௡ௗ,ଵ = 𝑚̇௖௦(ℎ଻ − ℎ଼)        (36) 

𝑄௖௢௡ௗ,ଶ =
௎஺ி೟( ೎்೚ି ೎்ഢ)̇

௟௡
(೅ೞ೓೐೗೗ష೅೎೔)

(೅ೞ೓೐೗೗ష೅೎೚)

        (37) 

𝑄௖௢௡ௗ,ଷ = 𝑚̇௖௪𝐶௣(𝑇௖௢ − 𝑇௖௜)       (38) 

𝑄௖௢௡ௗ,ଵ = 𝑄௖௢௡ௗ,ଶ = 𝑄௖௢௡ௗ,ଷ       (39) 

 

Table 7: Simulator values and design assumptions. 

Parameter Value Parameter Value 

𝑚௖௣ 586.9 kg/sec 𝑇ଵ 219.9 ˚C 

𝑚ଵ 77.6 kg/sec 𝑇ଵ଴ 260 ˚C 

𝑝ଵ 2,730 kPa 𝑇ଵଵ 260 ˚C 

𝑝ଽ 1,000 kPa 𝑇ଵଷ 260 ˚C 

𝑝ଵଶ 3,970 kPa 𝑃௧௛ 164 MWt 
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Figure 16: Simplified diagram of the SMR Rankine cycle. 

 
 
 Condenser area and cooling water flow parameters are designed to meet the 

rated 45 MWe at a 20-degree Celsius condenser inlet temperature per [52], using 

the given design parameters from the IAEA model.  

  

 The relationships in Eq. (26) to (39) are used with given parameter values 

from the IAEA simulator [52] in Table 7 to develop the overall steam power cycle 

mass and energy balance model. Utilizing the relationships given in Eq. (26) to (39), 

a relationship for turbine power as a function of inlet water temperature is found 

for typical steam bypass ratios that the SMR unit will experience. Figure 17 shows 

the relationship between cooling inlet water temperature and turbine power output 



53 

 
at different steam bypass levels. The impact of considering inlet water temperature 

on power production is shown in Table 8. 

 

Table 8: SMR annual average power with variable inlet water considered. 

Reference: 2022 Platte River 

Colorado [57] 

Annual Average 

Power (MW) 

% Change 

Constant water inlet 

temperature (20 ˚C) 

45.2 - 

Annual river water data (15-

minute interval)  

46.8 +3.5% 

 

 

Figure 17: Relationship between turbine power and cooling temperature & steam 

bypass ratio. 
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 The equations for turbine power as function of inlet water temperature and 

steam bypass are the following:  

 

𝑃௧௨௥௕(𝑇௖௜ , 0 𝑏𝑦𝑝𝑎𝑠𝑠) = −221.85(𝑇௖) + 50891     (40) 

𝑃௧௨௥௕(𝑇௖௜ , 20% 𝑏𝑦𝑝𝑎𝑠𝑠) = −151.22(𝑇௖) + 38330     (41) 

𝑃௧௨௥௕(𝑇௖௜ , 40% 𝑏𝑦𝑝𝑎𝑠𝑠) = −82.06(𝑇௖) + 25693     (42) 

𝑃௧௨௥௕(𝑇௖௜ , 60% 𝑏𝑦𝑝𝑎𝑠𝑠) = −14.19(𝑇௖) + 13782     (43) 

 

 Finally, the net electrical power out of the synchronous generator is 

expressed as the following: 

 

 𝑃ௌெோ(𝑇௖௜) = 𝜂௘௟௘௖(𝑃௠௘௖௛)𝑃௧௨௥௕       (44) 

 

3.4 WTG Model with Wake Effects 

 The WTG model is developed empirically, based on the performance of the 

Enercon E-82 wind turbine [58]. This turbine was selected due to its attribute of 

being a Type IV wind turbine (e.g. fully converted output) with a gearless drive for 

high reliability and low O&M. The power from wind is based on the standard power 

equation and is given as  

 

 𝑃ௐ்ீ(𝑣) = 0.5𝜌௔௜௥𝐴ௐ்ீ𝑣ଷ𝐶௣(𝑣)       (45) 
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 The environmental data used for wind speed uses measurement data from 

10 meters above the ground. The cut in speed of 2.5 meters per second and cutout 

speed of 25 meters per second. Given the non-linear nature of wind speed, an 

adjustment factor [59] is applied to determine the wind speed at the WTG hub 

height of 100 meters, 

 

 𝑣 = ቀ
௛௘௜௚௛ ೌ೎೟ೠೌ೗

௛௘௜௚௛௧೘೐ೌೞೠೝ೐೏
ቁ

௔

𝑣௠௘௔௦௨௥௘ௗ       (46) 

 

 To accurately model the performance of the WTG, the coefficient of power 

(Cp) curve was modeled as a linear curve fit between the points in the E-82 profile, 

as shown in Figure 18. This was determined to be a more efficient approach, from 

an annual energy analysis, than modeling the WTG pitch control system. 

 

 

Figure 18: Power profile for the Enercon E-82 WTG. 
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C1. Wake Modeling 

 Wake is an important consideration for a multiturbine wind farm. It is 

caused by turbulent air flow from upstream WTG impacting performance of 

downstream units. For this study, the Park Wake Model is utilized [59]. The 

relationship for wake effect impacts on wind speed is the following, 

 

𝛿𝑉 = ൫1 − ඥ1 − 𝐶்൯(
஽బ

஽బାଶ௞௫బభ
)ଶ ஺೚ೡ೐ೝ೗ೌ೛

஺భ
      (47) 

 

𝑣௔ௗ௝ = 𝑣(1 − 𝛿𝑉)         (48) 

 

 The wake model is calculated for each row of WTGs, accounting for the 

impact of the turbulence caused by the preceding rows. For simplicity, turbine rows 

in this study were assumed to be 10 turbines long, with successive rows assumed to 

have 10 rotor diameters of spacing. A representation of the assumed WTG row 

layout to minimize wake effects is shown in Figure 19. A maximum of five rows 

were assessed with the decreasing CF of each row shown in Table 9. 
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Figure 19: Layout of the proposed WTG to minimize wake effects. 

Table 9: WTG wake effects impact on energy production. 

NREL Region Annual CF 

Row 1 Row 2 Row 3 Row 4 Row 5 

With Wake Effects 28.3% 27.1% 25.9% 24.7% 23.6% 

Without Wake Effects 28.3% 

 
3.5 PEM Model  

 With HES load following generation, there are periods where excess power 

is available which can be either stored or curtailed. For long duration energy 
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storage, the most practical solution was determined to be hydrogen. Other storage 

options, such as flywheel or compressed air storage, are relatively immature for 

techno-economic evaluation. Large scale battery energy storage is currently non-

viable from an economic standpoint. Hydrogen as a storage sink presents many 

opportunities beyond just electricity production. Hydrogen is used as clean rocket 

fuels, agriculture, home heating, and carbon free transportation. As such, the scope 

of this study only includes hydrogen production up to its storage and considers the 

value of hydrogen as improving the overall HES IRR. PEM was selected as a 

technically mature and commercially available hydrogen production method. The 

most common commercial PEM uses a membrane to separate the immersed anode 

and cathode terminals. As current passes through the water, hydrogen ions pass 

through the membrane and collect on the cathode [60]. The net chemical formula for 

these reactions is summarized as:  

 

 2𝐻ଶ𝑂 + 2𝑒ି → 2𝐻ଶ + 𝑂ଶ        (49) 

 

The rate of hydrogen production in grams per second is given as a function of the 

voltage applied and several design parameters given in [60] and defined as: 

 

 𝐻2௥௔௧௘ =  
ଶ.଴ଵ௡೑௡೐೗೐೎_೑

௏ೞ೟ೌ೎ೖி೎೚೙ೞ೟ೌ೙೟௭
𝐼       (50) 
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 The rate of H2 production can then be integrated over time to find the 

cumulative production over the one-year analysis period. Excess renewable and 

SMR generation are measured against the current reference demand power. The 

PEM is modeled as a load, subject to the relationship in Eq. (50). A minimum power 

of five megawatts is maintained through the PEM to keep current flowing to 

maintain operating temperatures. As shown in [60], keeping current flowing 

through the PEM is critical for maintaining efficient energy conversion as load 

demands change. The implementation with the SMR+WTG bus (e.g. AC bus) and 

PVdc bus is shown in Figure 20. The final step in hydrogen production is to 

compress the hydrogen into a liquid. Per [61], approximately 17 megajoules per 

kilogram is needed to store hydrogen as a liquid for use. This rate is multiplied by 

the real time hydrogen production rate in kilograms per second to determine 

instantaneous power consumption. For the HES model, the power for compression 

is assumed to come from the gross power production with net power output 

considered in the HES models’ financial evaluation. 
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Figure 20: Power flow from excess sources to the PEM. 

3.5.1 PEM Aging Effects 

 The PEM ages from an increase cell voltage over time. The rate of decay 

limits PEM useful life to approximately 96,000 hours, or about 10.9 years [62]. This 

is caused by the oxidation of the electrodes over time. For this study, 10-year life is 

considered, with the average voltage growth of 10 microvolts per hour [62]. The 

average decrease in efficiency is 1.33 percent per year and is incorporated into the 

30-year financial analysis. 

 

3.6 Models of Power Conversion Device Efficiencies 

 For energy conversion devices (e.g. power electronics, generators, motors, 

PEM) efficiency is applied as a function of power input. The respective maximum 

efficiencies are modeled based on literature-based test measurements. The power 

electronics curve is applied to all DC-DC converters, DC-AC inverters, and AC-DC 

PEM 
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rectifiers. This curve is referenced from the SMA Sunny Central inverter [48] as 

power electronics follow the same profile. The generator efficiency is based on the 

efficiency measurements for synchronous generators used in a marine environment 

[55]. Two curves are utilized, one for unity (1.0) power factor and the other for 0.8 

power factor (either leading or lagging). Finally, the PEM efficiency curve is based 

on a calculated value of efficiency as a function of current density for a development 

unit [63]. The load factor-efficiency relationship for all three conversion devices is 

shown in Figure 21 with two curves provided for the synchronous generator at 

different power factors. The efficiency representations of these units provide 

variable loss factors and, when coupled with their respective time constants, a 

practical representation of the power profile with the HES.  

 

 

Figure 21: Efficiency as a function of load for each conversion source. 
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CHAPTER 4 

INTEGRATED HES MODEL  
 

 Two integrated HES models were developed. The first is the annual energy 

model to determine deficits and surpluses in energy provided on a minute level time 

scale. The second, a transient model based on the IEEE 9 Bus model was developed 

to evaluate the viability of the HES to respond to frequency perturbations as part of 

a large contribution (40% in this case) of the system load. To evaluate all the 

sources operating together, a coordinated control model was developed and covered 

in Section 4.1. Additionally, in the case of the transient model, governor control, 

transformer phase shifting, and field excitation are also considered. This section is 

an expansion of the study published in [Publication C] – [Publication D]. 

 

4.1 HES Control Modes 

 Multiple methods were attempted for HES control. This section covers the 

three viable approaches determined, with only two included in the HES models. The 

first control option is SMR control rod actuation. In this option, the renewable 

sources output the maximum amount of available power and the control rods within 

the SMR reactor are raised or lowered to reduce the reactivity in the core. While 

this option is the most fuel efficient, as it reduces fuel consumption for periods of 

low power, the economic benefits are minimal and do not offset the operational wear 

and power performance impacts, as discussed in Section 4.1.1. As a result, the 
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methods selected are SMR steam bypass regulation, for cases without PEM storage, 

and PEM load regulation for cases considering this configuration. 

 

4.1.1 HES Control via SMR Steam Bypass Regulation 

 SMR power output is flexible with two primary methods of regulating 

power output through a nuclear power plant: control rod actuation and steam 

turbine bypass. While control rod actuation is more energy efficient, for this study, 

only steam turbine bypass is considered. This is because a significant concern with 

control rod actuation, particularly when coupled with PV production, is the buildup 

of Xe-135 which can lead to xenon poisoning of the core [19]. This poisoning reduces 

the reactivity of the core and leads to reduced power production. Steam bypass 

resides on all steam plants as a means to rapidly shutdown a turbine in an 

emergency situation. It has also been used in [35] as a primary method of SMR 

power regulation with renewables. The advantages of this approach are faster 

response times to changing load conditions. The disadvantages are increased valve 

aging and reduced energy efficiency due to the steam bypassed around the turbine, 

which are not considered in this study. A proportional integral differential (PID) 

controller for steam bypass was developed and implemented as shown in Figure 22. 

The control loop was tuned to allow for the rated 22% per minute ramp rate 

specified in the IAEA simulator [52] and optimized for disturbance rejection (e.g. 

variable output from the PV subsystem). The closed loop PID is stable for all normal 

operational bounds. 
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Figure 22: PID control loop for steam turbine bypass. 

 
4.1.2 HES Control via PEM Regulation  

 For the HES, there are two control methods. The first one, for 

configurations without H2 storage, the steam bypass around the SMR regulates 

power output. Once it has reached its operational limits, power is further curtailed 

in the PV and then the WTG. The second method is for configurations with H2 

storage, the PEM is the primary control loop and regulates electrolyzer current 

based on the load reference point. Each configuration utilizes a PID controller with 

a sub-minute time constant to properly adjust power output to respond to changing 

load requirements and resource variability. These control loops are shown in Figure 

23 and Figure 24.  
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Figure 23: Closed loop control for fully curtailed energy cases. 

 

Figure 24: Closed loop PEM storage energy cases. 

 
4.2 Integrated HES Energy Model 

 The full model was incorporated into Simulink. The model is set to sample 

at one second intervals to capture the controller response and reactor time 

constants. The weather and load data are inputs, interpolated to one second to align 

with the model sample rate. The following equation gives the full HES stack up as a 

function of all the variable environmental constraints, as well as time:   
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 𝑃ுாௌ(𝐴𝑂𝐼, 𝑇௖ , 𝑃𝑂𝐴ூோோ , 𝑣, 𝑇௖௜ , 𝑡) = 𝑃௉௏௔௖ + 𝑃ௐ்ீ + 𝑃ௌெோ 

  ±𝑃஻ாௌௌ − 𝑃ுଶ − 𝑃௖௢௠௣       (51) 

 

4.3 Ramp Rate Control 

 RR control is implemented by charging the BESS for positive ramps and 

discharging for negative ramps when the predefined limit is exceeded. This control 

loop is applied to the measured output of the combined HES and results in a 

response by the BESS. The definition of RR is written as: 

 

  𝑅𝑅 =  
௉ುೇ(௧బିଵ)ି௉ುೇ(௧బ)

ଵ ௠௜௡௨௧௘
       (52) 

 

 This limit looks at the change in power over a rolling one-minute 

measurement. The RR limit is imposed based on the AC power output when it 

exceeds its defined limit. The power limit is defined as: 

 

  𝑃஺஼ିோ௘௚௨௟௔௧௘ௗ = 𝑃஺஼ ∗ (1 + 𝑅𝑅௟௜௠௜௧)      (53) 

  

 Where 𝑅𝑅௟௜௠௜௧ = The ramp rate limit in terms of percent power change per 

minute which is set to +/-10% per minute for this study. For this study, open loop 

control for ramp rates is implemented to prevent the unstable interaction with the 

overall plant controller. As such, the open loop controller was tuned to ensure 
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compliance to the ramp rate limit for all cases analyzed. A block diagram of the 

open loop ramp rate control is given in Figure 25. 

 

Figure 25: Open loop ramp rate control for BESS regulation. 

 

4.4 Network Effects Model 

 The HES transient model was incorporated into the IEEE 9 bus model that 

is part of Simscape [64] within MATLAB/Simulink. This model was selected for 

giving a minimum amount of network details to assess a bounding transient 

response. This is done to ensure that the worst-case variability of the renewable 

resources will not negatively affect system bus voltage and frequency stability. 

Additionally, it ensures the HES control loop can respond to transient events. The 

key relationship between SMR generator terminal voltage and frequency/rotational 

speed is based on the d-q transformation for rotational frame reference 

relationships captured in this model and given as the following: 

 

 𝑒ௗ =
ଵ

ఠ್ೌೞ೐

ௗట೏

ௗ௧
− 𝜓௤𝜔௥ − 𝑅௔𝑖ௗ       (54) 
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𝑒௤ =

ଵ

ఠ್ೌೞ೐

ௗట೜

ௗ௧
− 𝜓ௗ𝜔௥ − 𝑅௔𝑖௤       (55) 

 𝑒଴ =
ଵ

ఠ್ೌೞ೐

ௗటబ

ௗ௧
− 𝑅௔𝑖଴        (56) 

 The model in [64] is modified such that the HES nameplate is 

approximately 40 percent of the nominal load. The SMR is modeled as a full turbine 

generator with steam turbine and field excitation controls with its rated +/-20% per 

minute ramp rate applied based on rated limitations [52]. The PEM storage is 

modeled as a variable load and the renewables sources as negative loads. Frequency 

response is embedded into every subsystem in the HES and functions as detailed in 

[14] for response to over and under frequency events. Full configuration details are 

provided in the Results section. The modified 9 bus test model is shown in Figure 

26. 
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Figure 26: IEEE 9 test bus configuration [64], modified with proposed HES on Bus 3. 
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4.4.1 Frequency Response 

 One critical operation for power generating units is to respond 

autonomously to major frequency deviations in the power system. In North 

America, the nominal system frequency is 60 hertz with a deadband of +/-0.1 hertz 

applied for most generating units in the Western Electricity Coordinating Council 

(WECC) region [65]. Deviations above the deadband correspond to a surplus of 

generation on the system and a reduction in power is required. Frequency 

deviations below the deadband correspond to a deficit of power and an increase in 

power is required. With the proposed HES, this can also be achieved by varying load 

through changing the BESS operating point and ramping down power into the PEM 

(e.g. acting as reserve margin). Each resource is set to autonomously follow a 

specific frequency response depending on the severity and direction. The intent for 

each is to reduce generation and add load in the case of an over frequency event, 

with the inverse operation for an under-frequency event. For this study, each 

resource in the HES responds according to their own constraints to compensate for 

the frequency event. Table 10 summarizes the response of each source to varying 

degrees of frequency perturbations. 
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Table 10: FR autonomous action by each resource. 

Frequency PV BESS SMR H2 

f>60.2 Ramp to 0 Max Charge Ramp to Min 

Power 

Excess 

Storage 

60.1<f≤60.2 Max PV Max Charge Max Power Excess 

Storage 

59.9≤f≤60.1 

(nominal) 

Max PV RR Control Max Power Excess 

Storage 

59.8≤f<59.9 Max PV Max 

Discharge 

Max Power Excess 

Storage 

59.8<f Max PV Max 

Discharge 

Max Power Min Power 

 

 To validate the frequency response, a test curve from National Grid in the 

UK was adopted and modified to the WECC limits [66] for 60 hertz operation and 

applying the appropriate thresholds. The frequency test profile was incorporated 

into the annual energy production simulation to ensure the HES remained stable 

and responded correctly as variations in load and solar production occurred over the 

sample period. The frequency response of the HES is shown in Figure 27. It can be 

seen from the results that each resource followed the steps defined in Table 10. In 

particular, the response of the PV system varies from ramping versus ramping up. 
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This is due to the lack of storage support, as the BESS is also ramping due to the 

frequency transient. As a result, the slower ramp up following frequency restoration 

is regulated by the inverter controls. All other sources respond as expected. 

 

Figure 27: HES response to frequency events. 

 

4.5 Model Validation 

 Given the novelty of the fully integrated model, full validation against an 

existing comparable model is not possible. However, individual pieces can be 

evaluated against referenced, or other publicly available tools. The SMR model is 
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validated against the IAEA simulator [52]. The PV model is validated against 

PVWatts [67]. The WTG model is evaluated against the rated performance 

datasheet [57]. Finally, the PEM nominal conversion efficiency is validated against 

the literature efficiency range 67 to 82%, with an average efficiency of 74.5% [62]. 

The results of the validation are shown in Table 11. The results show that the 

individual model results are within range of the reference sources. Reasons for 

variation are consistent with higher fidelity (e.g. cell temperature, wind speed, 

multiple irradiance vectors), in the case of the PV model versus the PVWatts 

estimate, and differences in input assumptions.  

 

Table 11: Model validation results. 

Subsystem Comparison HES 

Model 

Reference % Diff 

PV Annual Energy Production UO region 

in PVWatts 

9.52 

GWhac 

9.15 

GWhac 

+4.02% 

WTG Rated WTG at 8 m/sec from datasheet 2.28 

MWac 

2.30 

MWac 

-0.89% 

SMR Rated SMR Output from IAEA 

simulator 

45.20 

MWe 

45.09 

MWe 

+0.24% 

PEM Average electrolyzer efficiency 76% 74.5% +2.01% 
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CHAPTER 5 

FINANCIAL MODEL  
  

 To determine the best HES configuration, a financial model is developed to 

evaluate each configuration’s financial merit. The objective of the financial 

assessment is to normalize the parameters of meeting energy production, deficit, 

curtailment and storage to a common resultant: profitability. For this study, IRR is 

assessed for each HES configuration to determine its viability. The target threshold 

for profitability is set at five percent IRR over the project life. For results below the 

target threshold, the HES is not a compelling investment. This chapter covers the 

development of the financial model and the normalization of results to IRR. This 

topic is an expansion of [Publication D], which covers the development of the 

financial model, with this chapter having a more comprehensive discussion.  

 

5.1 Financial Assumptions 

 To construct a financial model for a novel technology, like an HES with an 

SMR, multiple assumptions need to be made. With the lack of empirical data for a 

completed and operational SMR, references come from literature for expected cost 

projections and targets. The financial information for PV, WTG, and BESS comes 

from NREL market surveys of recent installations. The SMR and PEM are more 

dependent on cost projections. For the combined HES, assumptions are made for the 

reuse of things like substation interconnection and not considered for all sources. 

Additionally, a timeline is constructed to account for initial construction period, 
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partial operation, full operation, refueling, and 10-year replacement cycles for the 

PEM and BESS with their operation ceasing after year 31. For replacement cycles, 

it is assumed that 40% of the PEM and BESS can be reused (e.g. non battery cell, 

electrode components). The assumptions for tax rate, inflation, and interest are 

based on a PV+BESS study in [68]. Table 12 has the full list of financial 

assumptions and inputs with the operational timeline given in Figure 28. Not 

considered in this evaluation is the residual value or salvage value of the HES.  

 

Table 12: Financial input references and assumptions. 

Parameter Value Parameter Value 

Base PPA $60/MWh Energy Deficit 

Penalty [69] 

$98/MWh NREL 

$93/MWh UO 

Base H2 $2/kg SMR Life 4-year build 

30-year operation 

Finance Life 30 years SMR Refueling 2-months every 22 months 

Interest Rate 

[68] 

5.0% PV Life 1-year build 

34-year operation 

Annual 

Inflation 

3% WTG Life 2-year build 

1 failed WTG per year after year 25 

34-year operation 

Down Payment 20.0% BESS 1-year build 

10-year operation 
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Parameter Value Parameter Value 

Tax Rate [68] 28% H2 Life 1-year build 

10-year operation 

Battery Cell 

Recycling [70] 

$0.32/kg SMR O&M 

[72] 

$750/kW-yr 

Water Cost [71] $7.5e-4/L PV O&M [68] $16/kW-yr 

SMR CapEx 

[72] 

$6025/kW WTG O&M 

[73] 

$40/kW-yr 

PV CapEx [68] $940/kW BESS O&M 

[68] 

$10/kW-yr 

WTG CapEx 

[73] 

$1501/kW H2 O&M [70] $14.5/kW-yr 

BESS CapEx 

[68] 

$845/kWh BESS Re-use 40% of CapEx 

H2 CapEx [70] $1803/kW PEM Re-use 40% of CapEx 
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Figure 28: Operational profile over the finance lifetime of the HES. 

 

5.1.1 Tax Credits 

 The cases considered are evaluated both with and without subsidies 

applied, in the form of tax credits. The tax credits applied are based on current 

federal law in the United States and codified by the 2022 Inflation Reduction Act 

(IRA). They are utilized in the financial model to assess the sensitivity of the 

various HES configurations to subsidies and how that changes the optimal 

configuration. They include the following incentives by source: 

 30% investment tax credit (ITC) for advanced nuclear reactors (e.g. SMR), 

wind power, and PV [74] applied to the CapEx for each source. 

o Investment tax credit (ITC) applied against the capital costs in Table 

12 as a 0.7 multiplier. 

 For non-carbon sources, $3 per kilogram production tax credit (PTC) for H2 

production [74]. 
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o Applied to the H2 rate in Table 12 as an effective $5 per kilogram.  

o Applies to first 10 years of operation. Given the PEM is replaced every 

10 years, it is assumed the credit will be renewed with each 

installation. 

o PTC is valid through 2044. It is assumed that this credit will be 

renewed and valid throughout project life. 

 

5.2 Net Present Value and Internal Rate of Return 

 IRR is used to determine which configuration is the best financial option. It 

is assumed that the minimum IRR for financial viability is at least 5% per year. The 

IRR is found from assessing the net present value (NPV) of each configuration 

considered. For this study, the NPV expression varies depending on the phase of the 

project. For the first year of construction, there is only incurred capital costs. For 

the second through fourth years the production and operating cost are considered as 

the PV and WTG come online and it is given as: 

 

𝑁𝑃𝑉(𝑡௞) =  

⎩
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎧

ି஼௔௣௜௧௔௟

(ଵା௜)೟ೖ
, 𝑓𝑜𝑟 𝑡௞ = 1, 𝑓𝑜𝑟 𝑡௞ = 1

ாುೇ೟௉௉஺ି௉௏ೀ&ಾି஼௔௣௜௧௔௟

(ଵା௜)೟ೖ
, 𝑓𝑜𝑟 𝑡௞ = 2

(ாುೇ೟ାாೈ೅ಸ೟)௉௉஺ି௉௏ೀ&ಾିௐ்ீೀ&ಾି஼௔௣௜௧௔

(ଵା௜)೟ೖ
, 𝑓𝑜𝑟 𝑡௞ = 3,4

ாಹಶೄ೟௉௉஺ାு ೛ೝ೚೏೟
ுଶ೛ೝ೔೎೐ିுாௌೀ&ಾି஼௔௣௜௧௔௟ି଴.଺∗஼௔௣ா௫ಳಶೄೄିோ௘௖௬௖

(ଵା௜)೟ೖ
,

 𝑓𝑜𝑟 𝑡௞ = 12,22
ாಹಶೄ೟௉௉஺ାு ೛ೝ೚೏೟

ுଶ೛ೝ೔೎೐ିுாௌೀ&ಾି஼௔௣௜௧௔௟ି଴.଺∗஼௔௣ா௫ಹమ

(ଵା௜)೟ೖ
,

 𝑓𝑜𝑟 𝑡௞ = 14, 24
ாಹಶೄ೟௉௉஺ାுଶ೛ೝ೚೏೟

ுଶ೛ೝ೔೎೐ିை&ெି஼௔௣௜௧௔௟

(ଵା௜)೟ೖ
, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑐𝑎𝑠𝑒𝑠

  (57) 
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 Additionally, for years when profitable operation has occurred, a 28% tax 

rate, as listed in Table 12, is applied and applied as the following: 

 

𝑁𝑃𝑉(𝑡௞) =  ቐ

ாಹಶೄ೟௉௉஺ାு ೛ೝ೚೏೟
ுଶ೛ೝ೔೎೐ିை&ெି஼௔௣௜௧௔

(ଵା௜)೟ೖ
, 𝑁𝑃𝑉(𝑡௞) ≤ 0

ாಹಶೄ೟௉௉஺ାு ೛ೝ೚೏೟
ுଶ೛ೝ೔೎೐ିை&ெି஼௔௣௜௧௔௟

(ଵା௜)೟ೖ
(1 − 𝑡𝑎𝑥), 𝑁𝑃𝑉(𝑡௞) > 0

  (58) 

  

 To determine IRR, an explicit relationship is not possible. However, it can 

be found, with the numerical solver in MATLAB, using the following implicit 

relationship: 

 

 𝑁𝑃𝑉 = ∑
ாಹಶೄ೟௉௉஺ାு ೛ೝ೚೏೟

ுଶ೛ೝ೔೎೐ିை&ெି஼௔௣௜௧௔௟

(ଵାூோோ)೟ೖ

்
௧ೖୀଵ     (59) 

 

5.3 Full Financial Model  

 Each HES configuration considered runs for 34 years total. The first four 

years are for the construction phase with each source providing power as they come 

online. After year four, full HES operation commences with load following as 

primary operating mode. Over the 30-year operation, aging and replacement 

periods are considered as listed in Table 12. The full flow chart of the financial 

assessment is shown in Figure 29.  
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Figure 29: Flow chart for the 4-year build and 30-year operational power and 

financial assessment. 
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CHAPTER 6 

SIMULATION AND FINANCIAL RESULTS 

 
 In this chapter, the simulation and optimization results of the full HES 

models are presented and discussed. This includes a summary of the cases 

evaluated, assumptions applied, and a financial assessment. This work culminated 

in [Publication D], however, due to the compressed nature of paper publications, 

expanded results are presented here. The expansion includes more details on the 

selection/rejection criteria for HES configurations evaluated. It also includes more 

details on transient results in Section 6.4. 

 

6.1 Environmental Regions Evaluated 

 The solar and wind resource data is referenced from the NREL 

Measurement and Irradiance Data Center (MIDC) [75]. Minute level irradiance 

vectors, temperature, wind speed, and sun angles for calendar year 2022 to 

determine minute-level variations in power output. The two sites selected for 

evaluation were the NREL location in Golden, Colorado due to its relatively high 

solar irradiance and wind speeds, and the University of Oregon (UO) dataset in 

Eugene, Oregon for its comparatively lower resource levels. River water 

temperature data was referenced from the United States Geological Survey (USGS) 

for the Platte River in Colorado and Willamette River that are in the same county 

as the resource data locations [57] in 15-minute time intervals. The key 

environmental differences between the two regions are summarized in Table 13. It 
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can be seen for the UO site that the wind speed is minimal with the average wind 

speed at a 100-meter hub height is below the cut in wind speed of 2.5 meters per 

second for the WTG. As such, wind energy is not a viable option for the UO region.  

 

Table 13: Average values for each region evaluated. 

Region 

Annual Average Values 

GHI 

(W/m²) 

Wind Speed at 100 m 

(m/s) 

Air Temp 

(˚C) 

Water Temp 

(˚C) 

NREL 209.4 7.7 10.2 13.7 

UO 158.3 2.3 12.4 12.4 

 

6.2 Load Profiles Evaluated 

 Two load profiles are used for this thesis. The first is from Portland Gas & 

Electric (PGE) and corresponds to the UO dataset [69]. The second is from the 

Western Area Power Administration – Rocky Mountain Region (WACM) from the 

Energy Information Administration (EIA) which corresponds to the NREL dataset 

[69]. Hourly load data for actual load demand for 2022 was used from both regions. 

The hourly load profile is used as an input into the model, interpolated into minute 

level data, to provide time varying input into the model. The 2022 load profile for 

each region is shown in Figure 30. The loads have been normalized to 1.0 for annual 

peak load with all other hours of the year a fraction of that output. The key 

difference between the two regions is that the WACM profile has greater extremes 
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with a minimum load of 30% of peak power, versus 40% of peak power from PGE. It 

is shown in the Results section that this variation does result in the UO region 

having comparatively higher IRR, while having a relatively lower renewable energy 

potential. 

 

 

Figure 30: Annual normalized load profile for PGE and WACM for 2022. 

 

 For the load input, a ratio of peak power to SMR nameplate power is 

utilized. This is done because the SMR is the only controllable source of power, and 

the loads should be within the capabilities of the SMR. For a Load:SMR ratio of 1.0, 

the load profile is sized such that its maximum power is equal to the nameplate of 

the SMR. For a Load:SMR ratio of 2.0, or higher, the load is sized such that the 

minimum load is equivalent to the SMR nameplate. This relationship is illustrated 

in Figure 31. For periods of higher available HES power than demand, excess 



84 
 
energy is curtailed, or stored. For cases where the HES has less available power 

than demanded, a penalty payment is paid for each megawatt hour of energy 

demand not met.  

 

 

Figure 31: Example of SMR to energy demand profile. 

 

6.3 Scenarios Evaluated and Optimization Loop 

 A wide range of configurations were evaluated to determine the sensitivity 

of each configuration to meeting requirements and giving the highest IRR over a 30-

year project life. The optimization loop runs in two parts. The first part sweeps 

through each HES subsystem in 10% increments of its nominal value, using the 

steps shown in Table 14. Once the highest IRR case is found, a second sweep of +/-

5% resource sizes around the initial optimal point is performed to determine if a 
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higher IRR is adjacent to the result from the coarse sweep. The +/-5% variation 

corresponds to the smallest practical increment for the sources (e.g. 2.3-megawatt 

WTG size). Overall, almost 80,000 unique configurations can be evaluated. With 

each configuration taking between 1-3 minutes to run, this corresponds to up to 

4,000 hours (~5.5 months of continuous operation) for the full set of results. 

Fortunately, most configurations can be rejected quickly due to IRRs that are 

negative and can be quickly determined from the aggregate configuration. 

Configuration rejection is shown in Figure 32 and based on any of following 

criterion being satisfied: 

 If storage is not applied, configurations with Load:SMR ratios < 1.2. 

o Rationale: For no-storage configurations, low Load:SMR ratios mean 

that a significant amount of excess HES energy will be curtailed, 

which diminishes IRR. 

 If storage is applied, but no tax credits, configurations with Load:SMR ratios 

> 1.6  

o Rationale: For cases without subsidies, higher Load:SMR ratios result 

in lower IRR due to higher capital cost and higher energy penalty 

payment. 

 Low CF of < 10% for PV or WTG 

o Rationale: Low CFs are a nonstarter for obtaining an IRR that meets 

the threshold. 

 PEM ratios greater than 0.5 are rejected. 
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o Rationale: As shown in the results, sizing the PEM to store the HES 

nameplates worth of rated power is not an optimal solution. The 

optimal configuration is lower and a saddle point between high storage 

cost vs lost revenue from curtailment. 

 
Figure 32: Rejection criteria for optimization loops based on configurations. 
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 For the remaining valid cases, a sweep of all possible combinations is 

performed. The highest IRR from this subinterval sweep is the final configuration 

determined. The sequence is shown in Table 14. 

  

Table 14: Financial assumptions and inputs. 

Parameter Initial Final Increment Number 

of Steps 

PV Nameplate 0.0 MWe 45 MWe 4.5 MWe x11 

WTG Nameplate 0.0 MWe 46 MWe 4.6 MWe x11 

PEM/HES Ratio 0.0 1.0 0.1 x11 

Load:SMR Ratio 1.0 2.4 0.1 x15 

Tax credits Applied Not Applied 1 x2 

Regions NREL UO 1 x2 

+/-5% Refinement 5% lower 5% higher 3 per 

source 

+81 

Total Number of Unique Possible Configurations 79,941 

 

6.4 Transient Results and Findings 

6.4.1 Annual Energy Results and Findings 

 Each configuration is evaluated over the 2022 empirical dataset for 

environmental and load data. Figure 33 shows an excerpt of one configuration for 
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the Colorado region for a configuration with all sources considered. The load 

command has periods of energy deficits where the HES cannot support requested 

load. It can also be seen that the PEM stores excess power throughout the profile, 

while maintaining a minimum five megawatts to keep the electrolyzer warm to 

support rapid changes in HES power levels. Overall, the energy model performs as 

expected with source and load variation balanced more storage.  

 

Figure 33: Three-day excerpt of the annual profile for an HES configuration. 

 

 The optimization model is run for six unique cases: two regions, with and 

without tax credits, with and without hydrogen storage. The best IRR results for 

each case are given in Table 15. It can be seen from the results that the optimal 

configuration can vary significantly depending on the region and tax credits being 

assumed. One of the clear correlations is that the maximum IRR is for an HES 
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configuration that balances stored energy against curtailed energy. It can be 

inferred from the results that either storing all excess energy or, alternatively, 

curtailing all excess energy is not the optimal financial solution. Sizing the HES to 

minimize, but not fully eliminate curtailed energy, with a minimal amount of 

storage corresponds to the highest IRR. Another result is that for cases with tax 

credits considered and PEM storage, the load ratio is around 1.0. This is due to the 

value of storage being high enough (e.g. $5 per kilogram) to make storing excess 

energy as hydrogen a profitable option. Finally, it can also be seen that the UO 

results have better overall IRR than the NREL region in some cases, despite having 

less renewable energy potential. This is due to the PGE load profile being more 

balanced and having less load variation. The higher the SMR CF against the load 

profile, the greater the profitability of the SMR contribution. The result is a 

relatively smoother load profile, which results in less deficit energy, higher SMR 

CF, and more profitable operating points. The best and worst results for Case 3 and 

Case 6 (e.g. highest IRR results) are provided in Section 6.4.2. Full results for the 

subsidized cases can be found in Appendix B.  

 

Table 15: Optimal HES configuration per scenario. 

Case 1: NREL dataset, WACM load profile, no storage, full IRA tax credit 

Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 
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1.5 0 45.0 0 N/A 17.4, 5.1 59.6, 15.1 -0.3 

Case 2: NREL dataset, WACM load profile, PEM storage, no IRA tax credit 

Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 

1.4 4.5 45.0 0 0.2 17.1, 3.1 10.1, 4.2 -6.8 

Case 3: NREL dataset, WACM load profile, PEM storage, full IRA tax credit 

Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 

1.0 11.25 45.0 46.0 0.3 0.02, 0.01  49.4, 9.2 8.2 

Case 4: UO dataset, PGE load profile, no storage, full IRA tax credit 

Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 

1.6 0 45.0 0 N/A 12.3, 3.4 42.6, 10.8 1.6 

Case 5: UO dataset, PGE load profile, PEM storage, no IRA tax credit 

Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 

1.45 0 45.0 0 0.2 5.6, 1.7 16.2, 4.1 -5.4 

Case 6: UO dataset, PGE load profile, PEM storage, full IRA tax credit 
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Load 

Ratio 

PV 

(MW) 

SMR 

(MW) 

WTG 

(MW) 

PEM 

Ratio 

Energy Deficit 

(GWh, %) 

Curtailed 

Energy 

(GWh, %) 

IRR (%) 

1.0 18.0 45.0 0 0.3 0.02, 0.01 22.0, 5.1 7.4 

 

6.4.2 Best and Worst Configurations 

The five best and worst results for the NREL Case 3 are shown in Table 16 

with the optimal configuration for each case highlighted. Additionally, the five best 

and worst results for the UO Case 6 are shown in Table 17, again, with the optimal 

configuration for each case highlighted. The results show that the worst results 

have energy curtailment between three to six times higher than the highest IRR 

results.   
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 Table 16: Case 3 (NREL dataset, WACM load profile, no storage, full IRA tax credits) best and worst results. 

Scenario Peak Load:SMR 
Ratio WTG Number 

PV 
Nameplate 

(kW) 
PEM Ratio PV CF (%) Wind CF 

(%) 
SMR 

CF (%) 
HES CF 

(%) 

BESS 
Size 

(kWh) 
43 1 4 0 0.1 0.00 28.88 59.72 48.1 685.4 
85 1 8 0 0.1 0.00 28.88 59.72 41.2 1257.5 
92 1 8 4500 0.1 31.24 28.88 59.73 38.7 4111.7 

127 1 12 0 0.1 0.00 28.67 59.72 36.0 1653.5 
169 1 16 0 0.1 0.00 28.42 59.72 31.9 1937.1 
185 1 16 9000 0.3 31.24 28.42 59.72 30.5 7927.7 
671 1 16 9000 0.3 31.24 28.42 59.72 28.9 7927.7 
674 1 16 11250 0.3 31.24 28.42 59.72 27.6 9764.1 
680 1 17 9000 0.3 31.24 28.37 59.72 26.3 7854.3 
683 1 17 11250 0.3 31.24 28.37 59.72 25.2 9750.0 

Scenario Curtailed 
Energy (kWh) 

Load Energy 
(kWh) 

H2 
Production 

(kg) 

Energy 
Deficit (kWh) NPV ($) Irr (%) 

43 133,461,474.2  230176989.7 931108.9 9,804.9  (118,829,626.9) -2.51% 
85 147,677,091.9  230176989.7 1086514.3 9,764.9  (125,820,082.2) -2.81% 
92 134,903,900.8  230176989.7 1227404.7 2,604.0  (124,222,328.8) -2.41% 

127 161,461,967.0  230176989.7 1241920.1 9,924.2 (131,281,980.9) -2.67% 
169 174,824,368.9  230176989.7 1397326.2 10,218.5 (137,213,117.7) -2.61% 
185 41,413,750.7  230176989.7 5801599.1 29,977.2 99,629,721.9  8.13% 
671 41,413,750.7  230176989.7 5801599.1 29,977.2  99,629,721.9  8.13% 
674 40,429,285.3  230176989.7 5942264.9 26,636.9  100,731,193.2  8.12% 
680 43,384,676.9  230176989.7 5930445.3 31,031.1 103,211,235.0  8.20% 
683 42,289,038.5 230176989.7 6055861.0 27,863.2 103,047,702.6  8.15% 
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 Table 17: Case 6 (UO dataset, PGE load profile, PEM storage, full IRA tax credits) best and worst results. 

Scenario Peak Load:SMR 
Ratio WTG Number PV Nameplate 

(kW) PEM Ratio PV CF (%) Wind CF 
(%) 

SMR 
CF 
(%) 

HES 
CF 
(%) 

BESS Size 
(kWh) 

1 1 0 0 0.1 0.00 0.00 57.02 56.5 0.00 
8 1 0 4500 0.1 24.14 0.00 57.02 51.8 3475.63 

15 1 0 9000 0.1 24.14 0.00 57.02 47.5 6968.93 
22 1 0 13500 0.1 24.14 0.00 57.02 43.9 10394.21 
29 1 0 18000 0.1 24.14 0.00 57.02 40.7 13811.57 
38 1 0 22500 0.3 24.14 0.00 57.01 38.0 17236.02 
59 1.1 0 9000 0.3 24.14 0.00 62.67 52.2 6968.93 

157 1 0 18000 0.3 24.14 0.00 57.01 40.7 13811.56 
164 1 0 22500 0.3 24.14 0.00 57.01 38.0 17236.02 
185 1.1 0 9000 0.3 24.14 0.00 62.67 52.2 6968.93 

Scenario Curtailed 
Energy (kWh) 

Load Energy 
(kWh) 

H2 Production 
(kg) 

Energy Deficit 
(kWh) NPV ($) Irr (%) 

1 133,031,078.3 224762581.8 793430.0 654.6 (111435489.7) -1.72% 
8 112,263,483.1            224762581.8 937911.2  -     (110,876,030.08) -1.48% 

15 87,657,732.6 224762581.8 1100618.7 1.47E-11  (109,807,325.03) -1.20% 
22 68,141,159.1  224762581.8 1265103.4 3.38E-10  (108,644,716.57) -0.93% 
29 60,895,846.5 224762581.8 1430984.2 9.66E-10 (107,478,573.41) -0.68% 
38 25,959,393.5 224762581.8 4760298.4 30,937.48  64,025,289.70  7.21% 
59 10,613,074.8 247238840.0 3685319.4 204,117.31  58,312,383.61 7.22% 

157 22,063,361.2  224762581.8 4556575.7 28,256.14  67,756,939.35  7.41% 
164 25,959,393.5  224762581.8 4760298.4 30,937.48  64,025,289.70  7.21% 
185 10,613,074.8  247238840.0 3685319.4 204,117.31  58,312,383.61  7.22% 
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6.4.3 Network Transients 

 The optimal Case 3 configuration from Table 15 is integrated into the IEEE 

9 Bus model shown in Figure 26. A test case is run, using empirical data from 

March 10, 2022. Starting at 11:55 am, where PV power doubles from 5.5 to 11 

megawatt over one minute. At the same time, the load on the network at Bus 6 

instantaneously drops by 75 megawatts (50% of load at the bus, 20% of the overall 

network load). After five minutes, the load at Bus 6 is restored. The combination of 

these two events results in an over-generation event followed by an under-

generation. The response of the HES is shown in Figure 34. The HES bus voltage 

swings up to 2.3 percent before the SMR voltage regulator returns it to nominal 

operation in four seconds. Likewise, the system frequency goes up to 60.47 hertz, 

before returning below 60.1 hertz in approximately 82 seconds. A similar swing is 

observed for the underfrequency event (e.g. 59.5 Hz recovering in <80 seconds). A 

comparison to the WECC frequency limits is given in Table 18 in correspondence to 

a 1% allowable change in frequency. It is important to note that regional balancing 

authorities and/or local interconnecting utilities might have tighter frequency 

restrictions, but the WECC limits are used for this assessment. The frequency 

response is slower than the voltage response, driven by the ramp rate limitation of 

the SMR. Per the generator limits in the North American Electric Reliability 

Council (NERC) PRC-024-1, these excursions do not result in mandatory trips to 

generating units and adhere to nominal operation [76]. For a 33% drop in load with 

a corresponding step change in PV generation does not result in a mandatory trip of 
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generating sources with a recovery in under 82 seconds. The response of the storage 

units to this event are shown in Figure 35 and are consistent with the FR response 

defined in 4.4.1 with load being added for over frequency and generation added for 

underfrequency. 

 

 

Figure 34: Transient results from a 20% loss of load occurring when PV power 

increases 100% and subsequent load recovery. 

 

 

 

 

 

350 400 450 500 550 600 650 700 750 800 850 900
1

1.01

1.02

1.03

1.04

1.05

1.06

L
in

e
 V

o
lta

ge
 (

p
u

)

Generator 1
Generator 2
HES

350 400 450 500 550 600 650 700 750 800 850 900

Time (sec)

59.4

59.6

59.8

60

60.2

60.4

60.6

F
re

qu
e

n
cy

 (
H

z) System Frequency



96 
 

 

Table 18: Comparison of observed frequency perturbation versus the WECC 

operational limits.  

 
Measured 

WECC Limit for 

Continuous Operation 

Maximum Frequency 

Excursion 

60.47 Hz 60.6 Hz 

Minimum Frequency 

Excursion 

59.5 Hz 59.4 Hz 

 

 

Figure 35: Transient results from scenario with corresponding HES storage 

response. 
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6.5 Financial Findings 

From the project life assessment, multiple relationships were determined. 

The relationships found between IRR and storage, tax subsidies, and capital cost 

are summarized in this section.  

6.5.1 No PEM Financial Sensitivity 

 For cases with no PEM storage, the results show an optimal point between 

balancing the amount of energy curtailed against the deficit energy penalty paid. 

When factoring in the cost penalty, the optimal solution is when the SMR:load ratio 

is around 1.5~1.6. This results in the highest IRR at a minimum level of energy 

deficit, approximately 5% of the energy demanded. This relationship can be seen in 

Figure 36 with the IRR result given. Conversely, the consideration of subsidies does 

not change the optimal solution, only the magnitude of the IRR value. 

 

Figure 36: Relationship between curtailed and deficit energy for Case 1 where no 

PEM storage is considered.  
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6.5.2 PEM Financial Sensitivity 

 For cases where hydrogen storage is considered, the ratio of energy stored 

versus curtailed is also the key consideration. The results show that the most 

economical point is approximately between a PEM:HES ratio of 0.2 to 0.3. As such, 

the optimal solution results in some energy still being curtailed. This is due to the 

diminishing returns of storing excess energy against the increasing CapEx to the 

PEM. Figure 37, shows the configuration for Case 3 with the PEM ratio swept. It 

can be seen that value of the energy curtailed reduces as the ratio increases, but 

settles at a PEM:HES ratio of 0.3. Above 0.3 the cost of adding more PEM capacity 

outweighs the value of the stored hydrogen. 

 

 

Figure 37: Relationship between stored versus curtailed energy and its impact on 

IRR. 
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6.5.3 Subsidy Cost Sensitivity 

 It can be seen in Table 15 that IRA tax subsidies are critical to having a 

positive IRR. To determine which subsidy is the most impactful, Cases 3 and 6 from 

Table 15 are evaluated with only the PTC applied, and then another run with only 

the ITC. The results of these different subsidy considerations are summarized in 

Table 19. As can be seen from the table, the greatest impact on IRR is the PTC. For 

Case 3, considering the PTC changes the IRR from -15.4% to +1.9% (17.3% 

increase), whereas the ITC changes the IRR from -15.4% to -2.1% (13.3% increase). 

Similar results are found for Case 6. This indicates that one of the key drivers to 

financial viability for an HES is the value of the energy stored. 

 

Table 19: Tax credit subsides impact on IRR. 

Configuration 

IRR 

No 

Subsidies 
ITC Only 

PTC 

Only 

All 

Subsidies 

Case 3 -15.4% -2.1% +1.9% +8.2% 

Case 6 -11.3% -2.1% +2.1% +7.4% 

 

6.5.4 SMR Cost Sensitivity 

 For the unsubsidized cases, IRR is negative for all HES configurations. In 

addition to the value of stored energy, another contributor to the low IRR is the 

CapEx for the SMR, which is referenced to be $6025 per kilowatt, as stated in Table 
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12. Given the novelty of SMRs, the early and long-term CapEx estimates vary 

significantly. To account for this uncertainty, a sensitivity analysis is performed by 

sweeping the SMR CapEx to find the minimum value necessary for an unsubsidized 

IRR greater than five percent. The configuration from Case 2 in Table 15 is used. 

The value of CapEx is swept from $6025 to less than $100 per kilowatt. The results 

are shown in Figure 38. It can be seen that SMR CapEx needs to drop below $3,000 

per kilowatt before an acceptable unsubsidized IRR can be achieved.  

 

 

Figure 38: Sensitivity of the SMR CapEx to the overall HES IRR. 

 

6.5.5 PPA and Hydrogen Rate Cost Sensitivity 

 The baseline production rate prices were also evaluated to determine the 

range of profitability as each initial rate value was varied. As shown in Table 19, 

the impact of subsidies is required for projects to be profitable with contemporary 

financial assumptions applied. In addition to subsidy and capital cost sensitivity, 
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the production rate prices strongly couple to profitability as well. To determine the 

sensitivity, the unprofitable Case 5 in Table 15 is considered and the initial rate of 

the PPA and H2 production were swept to determine the region where profitability 

lies. The PPA rate was swept from $0 to $180 per megawatt-hour (up to three times 

higher than the baseline) and H2 swept from $0 to $18 per kilogram (up to nine 

times higher than baseline). The results are shown as a region plot in Figure 39. 

From the results, it can be seen that profitability lies in a region where PPA price is 

greater than $120 per megawatt-hour without hydrogen, to as low as $30 per 

megawatt-hour for the case where hydrogen is at $18 per kilogram. The key finding 

from these results is that the current market rates would have to be multiple times 

higher in order for the unsubsidized Case 5 result to offer an IRR greater than five 

percent. 

 
Figure 39: Sensitivity of PPA and H2 rate to the overall HES IRR. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

In the final chapter, a summary of the thesis is provided. The work from the 

previous chapters is summarized and the limitation of the current research is 

covered in Section 7.1. Additionally, future research topics are suggested in Section 

7.2. 

 

7.1 Conclusions and Key Findings 

This thesis covered the development of an HES model based on new and 

previously developed models. The models were developed to assess the annual 

energy power profile on a minute scale and transient responses on a sub-second 

scale. A financial assessment was performed considering network and resource 

constraints of a clean HES optimized for highest IRR and considering resource 

constraints. The key findings are summarized as the following: 

 HES solutions that meet network frequency response and ramp rate limits 

are possible with a proportional utilization of SMR, renewables and storage.  

 Clean HES are capable of profitably meeting flexible energy demands when 

considering subsidies from the 2022 IRA.  

 For unsubsidized results, profitable HES solutions can be found if either the 

price of hydrogen increases and/or the SMR CapEx decreases. To achieve 

profitable results without subsidies, the CapEx of the SMR would need to be 

below $3000 per kilowatt. Alternatively, the cost of hydrogen would need to 
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go over $5 per kilogram to be profitable with assumptions applied in this 

study. 

 It was also discovered that for a clean energy HES, a small amount of energy 

curtailment is necessary for the highest economic value. The results show 

storing nominally 30% of HES nameplate capacity as hydrogen is the most 

cost-effective solution, when considering subsidies.  

 Ramp rate control through BESS can effectively mitigate ramps from a PV 

and WTG system. The cost impacts are minimal for sizing a BESS with a 10-

year life to support ramp rate control. 

 The network results show that an HES with a SMR as the primary energy 

source can integrate into a contemporary power system, and support power 

system stability. Particularly, when coupled with BESS to provide fast, sub-

second, transient response. 

7.1.1 Limits of the Results 

Several limitations were identified as part of this study and are summarized 

in this section.  

 Limitation 1: Comprehensive Financial Model. This study provided a 

financial evaluation for a comparative evaluation of HES configurations to 

determine the best option and the key drivers for financial viability. It did 

not intend to be a comprehensive financial evaluation considering the full 

scope of financial considerations (to name a few: investment alternatives, 

market factors, salvage value). With most of the results from this study 
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resulting in non-compelling IRR, there is much work to be done to make a 

clean HES a more desirable option in a free energy market.  

 Limitation 2: Transient Modeling. From the initial results presented 

in this study it is determined that the HES can support a stable power 

system. The combination of turbine-generator rotating inertia and steam 

bypass controls allows for the optimal operation of the HES with 

renewable sources providing energy as available. However, this was not 

intended to be a comprehensive study of all possible transient cases. The 

outline of the model is provided in Appendix A.2 to support future studies. 

 

7.2 Future Work 

There are multiple tangential areas of study that can be built off the research 

topic presented in this thesis. Primarily, the transient work can be expanded to 

consider further transient cases. With storage being the critical piece to the viability 

of clean hybrid systems, continuing to evaluate the practicality of emerging 

technologies is needed. Finally, given the significant number of solutions that exist, 

more robust sizing algorithms should be developed for this topic.  

 
7.2.1 Black Start Assessment 

The HES transient model was developed to address operational transients 

from frequency perturbations. Another area that would be of interest for research 

into HES is black start capability, that is, helping to start up a portion of an 

electrical network following a widespread outage. One of the well-known challenges 
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with stand-alone renewable energy sources today is their lack of black start 

capability due to their inverter-based generation typically being load following [77]. 

In this configuration, the inverters can only connect to an existing grid, and not 

generate the reference voltage to establish the grid network on its own. One of the 

inherent advantages of coupling renewable energy sources with conventional 

synchronous generator-based generation is the ability of the synchronous generator 

to provide the grid reference, such that, existing grid following inverters can be 

utilized. This would also need to consider ancillary power sources, like backup 

diesel generators to support the internal power consumption of the SMR to start its 

operation. The topic of black start using HES is a natural progression from the 

results presented in this study. 

 
7.2.2 Alternative Storage Options 

This study utilized lithium-ion battery storage for short transients and 

hydrogen via PEM for bulk energy storage. While discussed in this thesis that these 

represent practical, contemporary storage options, this field is experiencing rapid 

development. Future work could consider more novel technologies assessed as part 

of a hybrid system. For example, solid state batteries [78] could offer much higher 

cycle life over contemporary lithium-ion batteries, which makes the presented 

battery sizing algorithm inapplicable.   

 

Additionally, there is more research ongoing in the field of regenerative fuel 

cells, which can support closed loop storage and generation of excess energy. 
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Current research into the topic is relatively in its early stages with a focus on 

application for space habitats [79]. Due to the high cost and relatively low round 

trip efficiency, the technology is not at commercial development yet, but could be a 

valuable source to evaluate as part of future studies.  

 
7.2.3 Optimization Algorithm 

The model presented in this study used a parameter sweep of resource 

interval step sizes. With the boundaries of profitability determined in this study, 

the next logical step would be to expand the evaluation to include an algorithm that 

can track along the relationships determined in this study to find an optimal 

solution with less processing time. With the parabolic shape of most parameter 

sweeps, this leads to the practicality of convex programming to find the optimal 

point for a particular number of constraints applied. 

 

7.2.4 Extraterrestrial HES for Lunar Habitats 

Another potential application for HES is for extraterrestrial applications. The 

near-term interest in this topic can be found in NASA’s Artemis program which is 

working to return Astronauts to the moon this decade and eventually leading to a 

permanent presence on there [80]. One of the key challenges is a diverse power 

supply that can provide power through long Lunar eclipses. The combination of 

nuclear and PV technology is a natural hybrid combination for this environment 

with the two sources providing energy security for a permanent habitat. Research 
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into this topic could also include the utilization of regenerative fuel cells to augment 

these sources [81].   
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APPENDIX A 

 
A.1 Annual Energy Model in Simulink  

The annual energy model was developed in MATLAB/Simulink with the 

following excerpts provided in this appendix. The information is provided for future 

expansion on this topic as part of follow on research. This information is intended to 

augment the details in Chapter 3. The figures included, show the following, in 

chronological order: 

 

 Figure 40: Top level HES model. 

 Figure 41: SMR 2-D curve fit model. Eq. (40) to (43) captured in the 2-D 

block. 

 Figure 42: WTG model with row level wake effects. 

 Figure 43: BESS model. 

 Figure 44: PEM model. 

 Figure 45: PV inverter and DC-AC ratio model. 
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Figure 40: Top level HES model. 
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Figure 41: SMR 2-D curve fit model. 
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Figure 42: WTG model with row level wake effects. 
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Figure 43: BESS model. 
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Figure 44: PEM model. 

 

Figure 45: PV inverter and DC-AC ratio model.
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A.2 Transient Model in Simulink  

The transient model was developed in MATLAB/Simulink and building off 

the IEEE 9 Bus model as discussed in Section 4.4 with the following excerpts 

provided in this appendix. The information is provided for future expansion on this 

topic as part of follow on research. This information is intended to augment the 

details in Chapter 3. The figures included, show the following, in chronological 

order: 

 

 Figure 40: Top level HES model. 

 Figure 47: SMR turbine-generator transient model. 

 Figure 48: SMR 2-D curve fit representation of mechanical power. 

 Figure 49: PEM load represented as a variable load. 

 Figure 50: PV+WTG+BESS represented as variable negative loa 
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Figure 46: HES model within the HES model shown in Section 4.4.
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Figure 47: SMR turbine-generator transient model.
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Figure 48: SMR 2-D curve fit representation of mechanical power. 

  

Figure 49: PEM load represented as a variable load.
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Figure 50: PV+WTG+BESS represented as variable negative load. 
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APPENDIX B 

 
B.1 Optimization Loop Results  

The full case results are provided here. Full results are only provided for the 

subsidized results, and after considering the rejection criteria, as discussed in 

Section 6.3 to limit page count. The full NREL subsidized results are provided in 

Table 20 and the full UO results are given in Table 21. From going through the full 

set of results, the most apparent relationship is found between the level of energy 

storage and the resulting IRR. For the subsidized cases, the higher IRR is typically 

found between PEM ratios of 0.3 to 0.4 relative to the HES power rating.   

 

Table 20: Full results from NREL subsidized case. 

Scenario Peak 
Load:SMR 

WTG 
Number 

PV 
Nameplate 

(kW) 

PEM 
Ratio 

HES 
CF 
(%) 

H2 
Production 

(kg) 
NPV ($) Irr (%) 

1 1 0 0 0.1 57.8 775,704.2 (107,745,582.1) -1.43% 
2 1 0 0 0.2 57.8 1,855,889.5 (39,242,825.1) 3.08% 
3 1 0 0 0.3 57.8 2,715,935.9 6,416,009.2 5.28% 
4 1 0 0 0.4 57.7 3,458,392.7 42,300,590.0 6.68% 
5 1 0 0 0.5 57.7 3,462,062.1 22,092,952.0 5.86% 
6 1 0 0 0.6 57.7 3,461,013.1 993,713.0 5.04% 
7 1 0 0 0.7 57.6 3,467,091.1 (19,796,687.5) 4.25% 
8 1 0 4500 0.1 53.1 916,957.6 (107,643,458.6) -1.25% 
9 1 0 4500 0.2 53.1 2,151,227.6 (30,393,287.6) 3.58% 

10 1 0 4500 0.3 53.1 3,148,137.9 22,096,753.6 5.91% 
11 1 0 4500 0.4 53.1 3,705,794.6 40,696,595.4 6.56% 
12 1 0 4500 0.5 53.1 3,714,438.5 17,503,563.8 5.66% 
13 1 0 4500 0.6 53.0 3,706,540.0 (7,214,206.7) 4.73% 
14 1 0 4500 0.7 53.0 3,710,432.2 (31,204,031.6) 3.86% 
15 1 0 9000 0.1 48.7 1,076,030.2 (107,053,793.0) -1.02% 
16 1 0 9000 0.2 48.7 2,479,380.9 (20,733,058.5) 4.07% 
17 1 0 9000 0.3 48.6 3,628,362.3 39,525,863.4 6.54% 
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18 1 0 9000 0.4 48.7 3,956,224.9 37,095,486.0 6.38% 
19 1 0 9000 0.5 48.6 3,964,262.2 10,075,110.7 5.37% 
20 1 0 9000 0.6 48.6 3,956,200.6 (18,252,364.0) 4.35% 
21 1 0 9000 0.7 48.6 3,958,894.1 (45,897,316.3) 3.39% 
22 1 0 13500 0.1 44.9 1,236,840.1 (106,339,593.7) -0.80% 
23 1 0 13500 0.2 44.9 2,807,534.3 (11,210,830.5) 4.52% 
24 1 0 13500 0.3 44.9 4,108,586.7 56,977,100.6 7.12% 
25 1 0 13500 0.4 44.9 4,214,544.7 33,951,486.9 6.22% 
26 1 0 13500 0.5 44.9 4,210,339.0 2,360,109.9 5.08% 
27 1 0 13500 0.6 44.9 4,206,237.0 (29,296,673.5) 3.99% 
28 1 0 13500 0.7 44.9 4,208,770.0 (60,585,126.2) 2.95% 
29 1 0 18000 0.1 41.7 1,399,015.1 (105,641,760.4) -0.60% 
30 1 0 18000 0.2 41.7 3,135,687.6 (1,827,713.2) 4.92% 
31 1 0 18000 0.3 41.7 4,454,649.9 64,082,346.5 7.30% 
32 1 0 18000 0.4 41.7 4,466,540.2 30,207,398.5 6.05% 
33 1 0 18000 0.5 41.7 4,462,605.7 (4,990,215.2) 4.83% 
34 1 0 18000 0.6 41.7 4,456,452.2 (40,445,244.2) 3.65% 
35 1 0 18000 0.7 41.7 4,457,926.9 (75,530,892.0) 2.54% 
36 1 0 22500 0.1 38.9 1,562,282.1 (105,492,336.7) -0.43% 
37 1 0 22500 0.2 38.9 3,458,208.7 6,536,436.2 5.26% 
38 1 0 22500 0.3 38.9 4,704,948.7 63,264,989.4 7.20% 
39 1 0 22500 0.4 38.9 4,711,026.6 25,332,837.1 5.86% 
40 1 0 22500 0.5 38.9 4,715,080.0 (12,917,537.5) 4.57% 
41 1 0 22500 0.6 38.9 4,706,352.7 (52,224,579.0) 3.32% 
42 1 0 22500 0.7 38.9 4,709,524.6 (90,725,138.8) 2.15% 
43 1 4 0 0.1 48.1 931,108.9 (118,829,626.9) -2.51% 
44 1 4 0 0.2 48.1 2,228,606.9 (36,878,404.4) 3.23% 
45 1 4 0 0.3 48.1 3,261,376.0 17,446,889.2 5.73% 
46 1 4 0 0.4 48.0 3,930,734.0 43,672,093.8 6.67% 
47 1 4 0 0.5 48.1 3,941,976.7 19,931,711.1 5.75% 
48 1 4 0 0.6 48.0 3,934,024.8 (5,622,730.2) 4.79% 
49 1 4 0 0.7 48.0 3,932,485.7 (30,831,970.9) 3.87% 
50 1 4 4500 0.1 44.8 1,072,152.4 (117,690,323.1) -2.15% 
51 1 4 4500 0.2 44.8 2,523,944.9 (27,376,590.0) 3.74% 
52 1 4 4500 0.3 44.8 3,693,578.0 34,022,467.1 6.34% 
53 1 4 4500 0.4 44.8 4,178,691.5 43,094,258.4 6.60% 
54 1 4 4500 0.5 44.8 4,190,259.1 15,934,636.7 5.58% 
55 1 4 4500 0.6 44.7 4,177,877.6 (13,144,405.8) 4.53% 
56 1 4 4500 0.7 44.7 4,178,386.8 (41,296,000.9) 3.55% 
57 1 4 9000 0.1 41.6 1,230,714.0 (116,965,987.2) -1.82% 
58 1 4 9000 0.2 41.6 2,852,098.3 (17,684,162.5) 4.23% 
59 1 4 9000 0.3 41.6 4,173,802.4 51,652,378.2 6.94% 
60 1 4 9000 0.4 41.6 4,433,089.0 39,813,302.7 6.43% 
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61 1 4 9000 0.5 41.6 4,438,934.5 8,551,459.0 5.30% 
62 1 4 9000 0.6 41.6 4,427,157.8 (24,086,070.8) 4.17% 
63 1 4 9000 0.7 41.6 4,427,958.3 (55,834,010.1) 3.11% 
64 1 4 13500 0.1 38.8 1,390,844.9 (116,457,894.6) -1.54% 
65 1 4 13500 0.2 38.8 3,180,251.7 (8,277,431.9) 4.65% 
66 1 4 13500 0.3 38.8 4,653,587.0 69,010,278.0 7.46% 
67 1 4 13500 0.4 38.8 4,689,728.5 36,465,832.7 6.27% 
68 1 4 13500 0.5 38.8 4,687,896.9 977,768.0 5.03% 
69 1 4 13500 0.6 38.8 4,677,229.4 (35,229,658.8) 3.83% 
70 1 4 13500 0.7 38.8 4,675,605.0 (70,812,733.3) 2.69% 
71 1 4 18000 0.1 36.4 1,552,251.5 (115,844,733.6) -1.28% 
72 1 4 18000 0.2 36.4 3,508,405.0 1,124,066.7 5.05% 
73 1 4 18000 0.3 36.4 4,927,173.4 70,600,462.2 7.44% 
74 1 4 18000 0.4 36.4 4,937,749.7 32,459,725.2 6.09% 
75 1 4 18000 0.5 36.4 4,937,730.8 (6,535,583.9) 4.79% 
76 1 4 18000 0.6 36.4 4,927,791.3 (46,318,725.3) 3.51% 
77 1 4 18000 0.7 36.4 4,927,900.6 (85,380,898.9) 2.32% 
78 1 4 22500 0.1 34.3 1,714,709.3 (115,252,898.6) -1.04% 
79 1 4 22500 0.2 34.3 3,836,558.4 10,431,642.0 5.40% 
80 1 4 22500 0.3 34.3 5,178,825.8 70,409,906.7 7.37% 
81 1 4 22500 0.4 34.3 5,189,331.4 28,618,934.1 5.93% 
82 1 4 22500 0.5 34.3 5,185,005.3 (14,349,705.2) 4.54% 
83 1 4 22500 0.6 34.2 5,176,467.8 (57,689,156.2) 3.21% 
84 1 4 22500 0.7 34.2 5,177,729.0 (100,316,800.7) 1.96% 
85 1 8 0 0.1 41.2 1,086,514.3 (125,820,082.2) -2.81% 
86 1 8 0 0.2 41.1 2,601,324.3 (30,818,831.0) 3.60% 
87 1 8 0 0.3 41.1 3,806,816.1 32,527,412.7 6.27% 
88 1 8 0 0.4 41.1 4,404,554.3 49,206,105.8 6.78% 
89 1 8 0 0.5 41.1 4,412,418.4 20,909,933.9 5.74% 
90 1 8 0 0.6 41.1 4,412,797.4 (8,120,212.3) 4.72% 
91 1 8 0 0.7 41.1 4,405,393.1 (37,873,604.5) 3.70% 
92 1 8 4500 0.1 38.7 1,227,404.7 (124,222,328.8) -2.41% 
93 1 8 4500 0.2 38.7 2,896,662.3 (20,887,808.1) 4.09% 
94 1 8 4500 0.3 38.7 4,239,018.1 49,526,137.7 6.84% 
95 1 8 4500 0.4 38.7 4,656,018.7 49,249,735.0 6.73% 
96 1 8 4500 0.5 38.7 4,662,562.4 17,542,026.0 5.60% 
97 1 8 4500 0.6 38.7 4,656,504.5 (15,210,137.8) 4.49% 
98 1 8 4500 0.7 38.7 4,651,009.6 (47,909,670.5) 3.41% 
99 1 8 9000 0.1 36.3 1,385,581.7 (123,579,056.5) -2.07% 

100 1 8 9000 0.2 36.3 3,224,815.7 (11,263,061.8) 4.53% 
101 1 8 9000 0.3 36.3 4,718,639.6 67,097,736.8 7.37% 
102 1 8 9000 0.4 36.3 4,910,021.5 45,909,281.7 6.56% 
103 1 8 9000 0.5 36.3 4,913,815.4 10,347,313.3 5.34% 
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104 1 8 9000 0.6 36.3 4,903,928.6 (26,318,665.6) 4.14% 
105 1 8 9000 0.7 36.3 4,897,959.3 (62,870,151.6) 2.99% 
106 1 8 13500 0.1 34.2 1,545,185.1 (123,124,213.6) -1.78% 
107 1 8 13500 0.2 34.2 3,552,969.1 (1,884,633.8) 4.92% 
108 1 8 13500 0.3 34.2 5,150,469.8 80,763,317.5 7.74% 
109 1 8 13500 0.4 34.2 5,161,480.8 42,148,555.0 6.39% 
110 1 8 13500 0.5 34.2 4,059,696.9 (81,826,047.0) 2.10% 
111 1 8 13500 0.6 34.2 5,149,598.8 (37,771,665.5) 3.81% 
112 1 8 13500 0.7 34.2 5,150,027.2 (77,318,292.5) 2.62% 
113 1 8 18000 0.1 32.3 1,705,978.5 (122,784,637.6) -1.52% 
114 1 8 18000 0.2 32.3 3,881,122.4 7,316,711.5 5.28% 
115 1 8 18000 0.3 32.3 5,401,463.1 80,414,790.6 7.65% 
116 1 8 18000 0.4 32.3 5,413,570.6 38,243,908.2 6.22% 
117 1 8 18000 0.5 32.3 5,413,700.4 (4,505,387.0) 4.86% 
118 1 8 18000 0.6 32.3 5,400,177.7 (49,074,902.5) 3.51% 
119 1 8 18000 0.7 32.3 5,399,505.9 (92,334,194.9) 2.25% 
120 1 8 22500 0.1 30.6 1,867,774.7 (122,040,665.0) -1.27% 
121 1 8 22500 0.2 30.6 4,209,275.8 16,942,719.0 5.63% 
122 1 8 22500 0.3 30.6 5,652,544.0 80,496,864.0 7.58% 
123 1 8 22500 0.4 30.6 5,664,710.4 34,693,175.3 6.08% 
124 1 8 22500 0.5 30.6 5,655,300.3 (12,807,807.9) 4.61% 
125 1 8 22500 0.6 30.6 5,649,397.8 (60,078,964.6) 3.23% 
126 1 8 22500 0.7 30.6 5,646,779.9 (107,257,834.5) 1.91% 
127 1 12 0 0.1 36.0 1,241,920.1 (131,281,980.9) -2.67% 
128 1 12 0 0.2 36.0 2,974,041.7 (23,073,577.2) 4.02% 
129 1 12 0 0.3 36.0 4,352,076.9 49,165,383.7 6.78% 
130 1 12 0 0.4 36.0 4,865,583.0 55,359,644.4 6.88% 
131 1 12 0 0.5 35.9 4,875,680.3 22,957,726.9 5.76% 
132 1 12 0 0.6 35.9 4,874,390.5 (10,253,691.2) 4.67% 
133 1 12 0 0.7 35.9 4,868,344.5 (44,105,688.4) 3.59% 
134 1 12 4500 0.1 34.1 1,382,693.9 (129,324,335.2) -2.30% 
135 1 12 4500 0.2 34.1 3,269,379.7 (12,966,749.2) 4.47% 
136 1 12 4500 0.3 34.1 4,783,681.6 66,446,059.0 7.31% 
137 1 12 4500 0.4 34.1 5,118,461.9 55,656,688.5 6.84% 
138 1 12 4500 0.5 34.1 5,124,988.6 19,794,425.7 5.64% 
139 1 12 4500 0.6 34.1 5,120,084.1 (17,044,635.3) 4.46% 
140 1 12 4500 0.7 34.1 5,114,158.9 (53,904,520.4) 3.33% 
141 1 12 9000 0.1 32.2 1,540,571.0 (128,885,150.4) -2.01% 
142 1 12 9000 0.2 32.2 3,597,533.1 (3,454,479.7) 4.86% 
143 1 12 9000 0.3 32.2 5,262,878.9 83,641,167.2 7.78% 
144 1 12 9000 0.4 32.2 5,370,810.5 51,942,962.9 6.67% 
145 1 12 9000 0.5 32.2 5,372,655.1 12,097,063.9 5.38% 
146 1 12 9000 0.6 32.2 5,370,236.0 (28,068,351.0) 4.14% 
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147 1 12 9000 0.7 32.2 5,363,739.6 (68,637,150.2) 2.94% 
148 1 12 13500 0.1 30.5 1,699,753.4 (128,675,716.3) -1.76% 
149 1 12 13500 0.2 30.5 3,925,686.4 5,693,660.1 5.22% 
150 1 12 13500 0.3 30.5 5,613,954.9 91,135,258.4 7.93% 
151 1 12 13500 0.4 30.5 5,625,376.7 48,408,150.6 6.51% 
152 1 12 13500 0.5 30.5 5,624,185.3 4,693,064.5 5.14% 
153 1 12 13500 0.6 30.5 5,616,582.6 (39,565,500.5) 3.83% 
154 1 12 13500 0.7 30.5 5,611,329.8 (83,722,379.0) 2.57% 
155 1 12 18000 0.1 29.0 1,860,046.8 (128,199,454.2) -1.52% 
156 1 12 18000 0.2 29.0 4,253,839.8 15,041,180.1 5.55% 
157 1 12 18000 0.3 29.0 5,864,670.5 90,911,415.8 7.85% 
158 1 12 18000 0.4 29.0 5,876,637.5 44,589,597.2 6.35% 
159 1 12 18000 0.5 29.0 5,870,181.1 (3,179,134.7) 4.91% 
160 1 12 18000 0.6 29.0 5,865,938.9 (50,773,878.7) 3.54% 
161 1 12 18000 0.7 29.0 5,862,967.4 (98,333,383.0) 2.24% 
162 1 12 22500 0.1 27.6 2,021,293.3 (127,526,174.3) -1.29% 
163 1 12 22500 0.2 27.6 4,581,993.2 24,512,098.7 5.86% 
164 1 12 22500 0.3 27.6 6,115,817.8 90,843,649.4 7.77% 
165 1 12 22500 0.4 27.6 6,123,632.3 40,553,759.9 6.20% 
166 1 12 22500 0.5 27.6 6,117,745.8 (10,802,302.9) 4.69% 
167 1 12 22500 0.6 27.6 6,113,639.6 (62,149,246.4) 3.27% 
168 1 12 22500 0.7 27.6 6,111,815.9 (113,171,688.0) 1.92% 
169 1 16 0 0.1 31.9 1,397,326.2 (137,213,117.7) -2.61% 
170 1 16 0 0.2 31.9 3,346,759.1 (15,919,084.9) 4.36% 
171 1 16 0 0.3 31.9 4,896,452.1 65,124,365.9 7.21% 
172 1 16 0 0.4 31.9 5,318,308.5 60,338,763.2 6.94% 
173 1 16 0 0.5 31.9 5,324,828.6 23,458,335.7 5.74% 
174 1 16 0 0.6 31.9 5,319,579.2 (14,219,843.6) 4.56% 
175 1 16 0 0.7 31.9 5,323,249.6 (51,275,051.2) 3.46% 
176 1 16 4500 0.1 30.4 1,538,008.3 (135,056,096.4) -2.26% 
177 1 16 4500 0.2 30.4 3,642,097.1 (5,620,026.5) 4.78% 
178 1 16 4500 0.3 30.4 5,327,919.9 82,757,488.8 7.71% 
179 1 16 4500 0.4 30.4 5,569,345.4 60,771,561.7 6.90% 
180 1 16 4500 0.5 30.4 5,572,092.4 20,466,438.8 5.62% 
181 1 16 4500 0.6 30.4 5,570,116.8 (20,185,391.0) 4.40% 
182 1 16 4500 0.7 30.4 5,567,594.9 (60,892,417.1) 3.22% 
183 1 16 9000 0.1 28.9 1,695,645.0 (134,742,738.2) -2.00% 
184 1 16 9000 0.2 28.9 3,970,250.5 3,756,731.4 5.14% 
185 1 16 9000 0.3 28.9 5,801,599.1 99,629,721.9 8.13% 
186 1 16 9000 0.4 28.9 5,822,015.2 57,111,613.0 6.74% 
187 1 16 9000 0.5 28.9 5,823,274.9 13,069,371.4 5.39% 
188 1 16 9000 0.6 28.9 5,820,468.3 (31,310,506.8) 4.09% 
189 1 16 9000 0.7 28.9 5,817,612.9 (75,789,410.3) 2.86% 
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190 1 16 13500 0.1 27.6 1,854,483.7 (134,468,410.6) -1.77% 
191 1 16 13500 0.2 27.6 4,298,403.8 13,035,347.9 5.47% 
192 1 16 13500 0.3 27.6 6,067,900.4 100,539,844.2 8.07% 
193 1 16 13500 0.4 27.6 6,076,681.1 53,466,448.3 6.58% 
194 1 16 13500 0.5 27.6 6,070,560.4 5,223,384.2 5.15% 
195 1 16 13500 0.6 27.6 6,074,216.4 (42,268,100.0) 3.81% 
196 1 16 13500 0.7 27.6 6,062,922.8 (91,068,783.0) 2.50% 
197 1 16 18000 0.1 26.3 2,014,361.9 (134,008,207.5) -1.54% 
198 1 16 18000 0.2 26.3 4,626,557.2 22,402,520.2 5.78% 
199 1 16 18000 0.3 26.3 6,318,550.1 100,331,206.7 7.99% 
200 1 16 18000 0.4 26.3 6,324,485.7 49,392,226.4 6.43% 
201 1 16 18000 0.5 26.3 6,317,476.5 (2,619,050.4) 4.93% 
202 1 16 18000 0.6 26.3 6,321,265.7 (53,720,570.1) 3.54% 
203 1 16 18000 0.7 26.3 6,313,743.3 (105,869,122.4) 2.18% 
204 1 16 22500 0.1 25.2 2,175,145.0 (133,947,125.0) -1.35% 
205 1 16 22500 0.2 25.2 4,954,470.8 31,308,931.7 6.05% 
206 1 16 22500 0.3 25.2 6,569,775.9 99,720,514.8 7.91% 
207 1 16 22500 0.4 25.2 6,572,952.8 44,922,197.9 6.26% 
208 1 16 22500 0.5 25.2 6,567,577.4 (10,618,530.9) 4.71% 
209 1 16 22500 0.6 25.2 6,565,181.5 (65,875,746.0) 3.26% 
210 1 16 22500 0.7 25.2 6,563,796.3 (121,410,834.4) 1.87% 
211 1.05 15 6750 0.25 32.0 4,605,137.3 54,683,058.3 6.90% 
212 1.05 15 6750 0.3 32.0 5,339,951.9 90,222,849.0 7.93% 
213 1.05 15 6750 0.35 32.0 5,340,383.1 69,659,838.6 7.23% 
214 1.05 15 9000 0.25 31.2 4,797,212.6 60,603,039.5 7.06% 
215 1.05 15 9000 0.3 31.2 5,464,983.5 90,102,573.5 7.88% 
216 1.05 15 9000 0.35 31.2 5,466,453.3 68,749,952.7 7.17% 
217 1.05 15 11250 0.25 30.4 4,988,984.4 66,548,730.3 7.22% 
218 1.05 15 11250 0.3 30.4 5,590,292.3 89,848,929.5 7.84% 
219 1.05 15 11250 0.35 30.4 5,593,207.8 67,871,723.8 7.11% 
220 1.05 16 6750 0.25 31.1 4,721,403.4 57,812,836.7 6.98% 
221 1.05 16 6750 0.3 31.1 5,453,318.4 92,565,928.4 7.96% 
222 1.05 16 6750 0.35 31.1 5,454,500.1 71,559,376.2 7.26% 
223 1.05 16 9000 0.25 30.4 4,913,531.5 63,588,249.9 7.14% 
224 1.05 16 9000 0.3 30.4 5,578,845.6 92,362,734.2 7.92% 
225 1.05 16 9000 0.35 30.4 5,579,930.3 70,451,552.4 7.19% 
226 1.05 16 11250 0.25 29.6 5,105,310.1 69,505,708.1 7.29% 
227 1.05 16 11250 0.3 29.6 5,703,833.0 92,269,355.5 7.88% 
228 1.05 16 11250 0.35 29.6 5,705,408.5 69,484,166.3 7.14% 
229 1.05 17 6750 0.25 30.4 4,837,629.4 60,790,487.1 7.05% 
230 1.05 17 6750 0.3 30.4 5,566,853.9 94,829,408.2 8.00% 
231 1.05 17 6750 0.35 30.4 5,567,125.7 73,234,544.6 7.28% 
232 1.05 17 9000 0.25 29.6 5,029,872.5 66,746,017.3 7.21% 
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233 1.05 17 9000 0.3 29.6 5,692,056.4 94,755,931.2 7.96% 
234 1.05 17 9000 0.35 29.6 5,693,453.7 72,362,928.2 7.22% 
235 1.05 17 11250 0.25 28.9 5,221,731.3 72,584,401.8 7.36% 
236 1.05 17 11250 0.3 28.9 5,817,027.1 94,565,373.7 7.92% 
237 1.05 17 11250 0.35 28.9 5,818,949.2 71,283,227.4 7.16% 
238 1.1 0 0 0.1 63.5 775,704.2 (86,579,110.5) 0.09% 
239 1.1 0 0 0.2 63.5 1,855,889.5 (20,557,443.7) 4.03% 
240 1.1 0 0 0.3 63.3 2,715,935.9 23,830,524.7 6.01% 
241 1.1 0 0 0.4 63.3 2,998,187.0 24,616,938.3 6.00% 
242 1.1 0 0 0.5 63.2 3,011,214.9 4,454,033.2 5.18% 
243 1.1 0 0 0.6 63.0 3,017,823.6 (17,236,974.3) 4.32% 
244 1.1 0 0 0.7 62.8 3,039,304.4 (38,457,704.8) 3.50% 
245 1.1 0 4500 0.1 58.4 916,957.6 (85,958,718.0) 0.26% 
246 1.1 0 4500 0.2 58.3 2,151,227.6 (11,313,379.6) 4.49% 
247 1.1 0 4500 0.3 58.2 3,148,137.9 40,302,995.7 6.62% 
248 1.1 0 4500 0.4 58.3 3,236,016.7 23,384,503.6 5.92% 
249 1.1 0 4500 0.5 58.2 3,243,330.1 (740,461.3) 4.97% 
250 1.1 0 4500 0.6 58.1 3,253,045.6 (25,066,606.2) 4.05% 
251 1.1 0 4500 0.7 57.9 3,268,508.1 (49,444,046.0) 3.15% 
252 1.1 0 9000 0.1 53.5 1,076,030.2 (85,317,396.8) 0.42% 
253 1.1 0 9000 0.2 53.5 2,479,380.9 (1,610,071.2) 4.93% 
254 1.1 0 9000 0.3 53.4 3,482,963.6 47,140,412.4 6.83% 
255 1.1 0 9000 0.4 53.4 3,492,386.6 20,334,135.7 5.77% 
256 1.1 0 9000 0.5 53.4 3,490,242.6 (8,023,608.2) 4.70% 
257 1.1 0 9000 0.6 53.3 3,497,796.9 (36,021,951.4) 3.68% 
258 1.1 0 9000 0.7 53.1 3,511,805.1 (63,991,129.5) 2.70% 
259 1.1 0 13500 0.1 49.4 1,236,840.1 (84,625,642.2) 0.58% 
260 1.1 0 13500 0.2 49.4 2,807,534.3 7,911,551.5 5.33% 
261 1.1 0 13500 0.3 49.3 3,733,393.1 47,130,184.5 6.77% 
262 1.1 0 13500 0.4 49.3 3,743,601.6 16,770,515.8 5.61% 
263 1.1 0 13500 0.5 49.3 3,740,495.0 (15,261,218.2) 4.45% 
264 1.1 0 13500 0.6 49.2 3,746,392.6 (46,932,046.5) 3.35% 
265 1.1 0 13500 0.7 49.1 3,759,101.0 (78,639,528.2) 2.28% 
266 1.1 0 18000 0.1 45.9 1,399,015.1 (83,944,714.0) 0.73% 
267 1.1 0 18000 0.2 45.8 3,135,687.6 17,307,025.3 5.70% 
268 1.1 0 18000 0.3 45.8 3,981,757.0 46,867,991.9 6.71% 
269 1.1 0 18000 0.4 45.8 3,991,202.3 12,725,575.7 5.45% 
270 1.1 0 18000 0.5 45.8 3,990,692.2 (22,736,234.6) 4.21% 
271 1.1 0 18000 0.6 45.7 3,995,823.8 (58,133,238.7) 3.02% 
272 1.1 0 18000 0.7 45.6 4,008,418.2 (93,480,195.5) 1.89% 
273 1.1 0 22500 0.1 42.8 1,562,282.1 (83,819,570.6) 0.85% 
274 1.1 0 22500 0.2 42.8 3,458,208.7 25,663,905.1 6.00% 
275 1.1 0 22500 0.3 42.8 4,230,249.9 46,203,304.4 6.64% 
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276 1.1 0 22500 0.4 42.8 4,241,682.3 8,361,661.3 5.29% 
277 1.1 0 22500 0.5 42.7 4,239,973.4 (30,829,121.7) 3.97% 
278 1.1 0 22500 0.6 42.6 4,245,968.6 (69,771,660.4) 2.71% 
279 1.1 0 22500 0.7 42.5 4,257,589.6 (109,118,269.2) 1.50% 
280 1.1 4 0 0.1 52.9 931,108.9 (97,430,731.8) -0.79% 
281 1.1 4 0 0.2 52.8 2,228,606.9 (18,208,165.8) 4.15% 
282 1.1 4 0 0.3 52.8 3,261,376.0 35,376,030.3 6.44% 
283 1.1 4 0 0.4 52.8 3,458,371.9 26,043,383.6 6.02% 
284 1.1 4 0 0.5 52.7 3,473,842.0 1,859,595.1 5.07% 
285 1.1 4 0 0.6 52.6 3,471,989.6 (24,010,223.3) 4.09% 
286 1.1 4 0 0.7 52.5 3,484,058.8 (49,219,206.7) 3.15% 
287 1.1 4 4500 0.1 49.2 1,072,152.4 (96,080,028.3) -0.52% 
288 1.1 4 4500 0.2 49.2 2,523,944.9 (8,337,451.5) 4.63% 
289 1.1 4 4500 0.3 49.2 3,693,578.0 52,666,257.7 7.04% 
290 1.1 4 4500 0.4 49.2 3,707,031.7 25,836,052.5 5.98% 
291 1.1 4 4500 0.5 49.2 3,713,067.5 (2,166,715.7) 4.92% 
292 1.1 4 4500 0.6 49.1 3,711,431.7 (30,955,599.6) 3.86% 
293 1.1 4 4500 0.7 49.0 3,720,729.2 (59,296,564.6) 2.86% 
294 1.1 4 9000 0.1 45.7 1,230,714.0 (95,362,669.5) -0.28% 
295 1.1 4 9000 0.2 45.7 2,852,098.3 1,436,014.7 5.06% 
296 1.1 4 9000 0.3 45.7 3,950,723.4 53,557,639.9 7.01% 
297 1.1 4 9000 0.4 45.7 3,961,129.0 22,688,796.5 5.83% 
298 1.1 4 9000 0.5 45.7 3,961,591.2 (9,281,593.6) 4.67% 
299 1.1 4 9000 0.6 45.6 3,957,732.2 (41,833,831.1) 3.52% 
300 1.1 4 9000 0.7 45.6 3,966,050.6 (73,702,822.5) 2.44% 
301 1.1 4 13500 0.1 42.7 1,390,844.9 (94,844,934.0) -0.08% 
302 1.1 4 13500 0.2 42.7 3,180,251.7 10,897,319.4 5.45% 
303 1.1 4 13500 0.3 42.7 4,201,721.8 53,489,439.3 6.94% 
304 1.1 4 13500 0.4 42.7 4,209,470.6 18,764,794.0 5.66% 
305 1.1 4 13500 0.5 42.6 4,210,642.8 (16,852,683.0) 4.42% 
306 1.1 4 13500 0.6 42.6 4,207,585.4 (52,853,592.5) 3.20% 
307 1.1 4 13500 0.7 42.5 4,213,458.8 (88,761,927.1) 2.04% 
308 1.1 4 18000 0.1 40.0 1,552,251.5 (94,235,264.8) 0.12% 
309 1.1 4 18000 0.2 40.0 3,508,405.0 20,336,770.2 5.80% 
310 1.1 4 18000 0.3 40.0 4,451,824.4 53,404,399.3 6.88% 
311 1.1 4 18000 0.4 40.0 4,461,495.7 15,130,369.0 5.52% 
312 1.1 4 18000 0.5 40.0 4,459,365.6 (24,335,435.7) 4.18% 
313 1.1 4 18000 0.6 39.9 4,456,680.1 (64,025,406.5) 2.90% 
314 1.1 4 18000 0.7 39.9 4,463,084.9 (103,526,556.2) 1.67% 
315 1.1 4 22500 0.1 37.7 1,714,709.3 (93,655,591.9) 0.29% 
316 1.1 4 22500 0.2 37.7 3,836,558.4 29,665,490.8 6.12% 
317 1.1 4 22500 0.3 37.7 4,700,708.0 53,134,667.6 6.82% 
318 1.1 4 22500 0.4 37.7 4,711,951.3 11,263,718.6 5.37% 
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319 1.1 4 22500 0.5 37.6 4,707,525.3 (31,976,716.0) 3.96% 
320 1.1 4 22500 0.6 37.6 4,706,809.5 (75,252,902.6) 2.62% 
321 1.1 4 22500 0.7 37.5 4,711,516.7 (118,636,554.3) 1.32% 
322 1.1 8 0 0.1 45.2 1,086,514.3 (104,174,228.2) -1.07% 
323 1.1 8 0 0.2 45.2 2,601,324.3 (11,968,306.5) 4.47% 
324 1.1 8 0 0.3 45.2 3,806,744.4 50,738,137.2 6.94% 
325 1.1 8 0 0.4 45.2 3,933,739.9 31,745,220.1 6.18% 
326 1.1 8 0 0.5 45.1 3,942,451.5 3,012,895.3 5.11% 
327 1.1 8 0 0.6 45.1 3,946,629.2 (26,444,486.5) 4.05% 
328 1.1 8 0 0.7 45.0 3,951,513.8 (56,170,614.7) 3.02% 
329 1.1 8 4500 0.1 42.6 1,227,404.7 (102,364,623.1) -0.76% 
330 1.1 8 4500 0.2 42.5 2,896,662.3 (1,780,982.0) 4.92% 
331 1.1 8 4500 0.3 42.5 4,175,324.5 63,480,280.6 7.33% 
332 1.1 8 4500 0.4 42.5 4,181,906.9 31,958,996.1 6.15% 
333 1.1 8 4500 0.5 42.5 4,187,776.0 (77,417.3) 5.00% 
334 1.1 8 4500 0.6 42.5 4,183,929.9 (33,105,403.7) 3.86% 
335 1.1 8 4500 0.7 42.4 4,189,162.2 (65,810,836.4) 2.76% 
336 1.1 8 9000 0.1 39.9 1,385,581.7 (101,848,142.7) -0.53% 
337 1.1 8 9000 0.2 39.9 3,224,815.7 7,928,862.4 5.32% 
338 1.1 8 9000 0.3 39.9 4,423,269.5 63,565,672.3 7.26% 
339 1.1 8 9000 0.4 39.9 4,432,611.2 28,389,666.6 5.99% 
340 1.1 8 9000 0.5 39.9 4,434,434.7 (7,602,122.1) 4.74% 
341 1.1 8 9000 0.6 39.8 4,430,016.8 (44,224,541.9) 3.53% 
342 1.1 8 9000 0.7 39.8 4,433,979.3 (80,534,867.3) 2.36% 
343 1.1 8 13500 0.1 37.6 1,545,185.1 (101,412,985.7) -0.32% 
344 1.1 8 13500 0.2 37.6 3,552,969.1 17,356,321.9 5.68% 
345 1.1 8 13500 0.3 37.6 4,675,319.7 63,541,560.5 7.20% 
346 1.1 8 13500 0.4 37.6 4,683,800.6 24,647,830.0 5.83% 
347 1.1 8 13500 0.5 37.5 4,683,594.0 (14,998,153.5) 4.51% 
348 1.1 8 13500 0.6 37.5 4,677,885.1 (55,219,621.6) 3.22% 
349 1.1 8 13500 0.7 37.5 4,581,822.2 (103,014,479.4) 1.72% 
350 1.1 8 18000 0.1 35.5 1,705,978.5 (101,096,642.6) -0.14% 
351 1.1 8 18000 0.2 35.5 3,881,122.4 26,582,780.4 6.00% 
352 1.1 8 18000 0.3 35.5 4,925,348.8 63,219,192.4 7.12% 
353 1.1 8 18000 0.4 35.5 4,935,919.9 20,853,033.8 5.68% 
354 1.1 8 18000 0.5 35.5 4,929,911.4 (22,571,552.4) 4.28% 
355 1.1 8 18000 0.6 35.4 4,927,976.8 (66,274,077.3) 2.94% 
356 1.1 8 18000 0.7 35.4 4,932,413.9 (109,799,813.5) 1.66% 
357 1.1 8 22500 0.1 33.6 1,867,774.7 (100,372,680.2) 0.05% 
358 1.1 8 22500 0.2 33.6 4,209,208.6 36,102,104.6 6.31% 
359 1.1 8 22500 0.3 33.6 5,175,186.9 63,321,102.4 7.07% 
360 1.1 8 22500 0.4 33.6 5,184,435.6 17,075,128.6 5.54% 
361 1.1 8 22500 0.5 33.6 5,179,236.9 (30,281,369.4) 4.07% 
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362 1.1 8 22500 0.6 33.6 4,820,285.9 (105,080,224.7) 1.74% 
363 1.1 8 22500 0.7 33.5 5,180,321.0 (125,127,251.7) 1.32% 
364 1.1 12 0 0.1 39.5 1,241,920.1 (109,351,692.7) -1.03% 
365 1.1 12 0 0.2 39.5 2,974,041.7 (4,084,578.4) 4.83% 
366 1.1 12 0 0.3 39.5 4,351,060.3 67,499,541.8 7.40% 
367 1.1 12 0 0.4 39.5 4,394,050.9 37,921,667.5 6.32% 
368 1.1 12 0 0.5 39.5 4,134,184.0 (15,442,756.7) 4.46% 
369 1.1 12 0 0.6 39.4 4,407,981.8 (28,206,641.9) 4.06% 
370 1.1 12 0 0.7 39.3 4,413,244.7 (62,112,565.0) 2.96% 
371 1.1 12 4500 0.1 37.5 1,382,693.9 (107,402,901.0) -0.74% 
372 1.1 12 4500 0.2 37.5 3,269,379.7 6,267,955.2 5.25% 
373 1.1 12 4500 0.3 37.4 4,638,140.9 74,271,193.9 7.57% 
374 1.1 12 4500 0.4 37.4 4,641,196.1 38,159,458.9 6.29% 
375 1.1 12 4500 0.5 37.4 4,648,202.7 2,040,034.9 5.07% 
376 1.1 12 4500 0.6 37.4 4,646,691.5 (34,896,255.8) 3.87% 
377 1.1 12 4500 0.7 37.3 4,649,374.0 (71,881,378.7) 2.72% 
378 1.1 12 9000 0.1 35.4 1,540,571.0 (106,818,032.0) -0.53% 
379 1.1 12 9000 0.2 35.4 3,597,533.1 15,694,327.5 5.60% 
380 1.1 12 9000 0.3 35.4 4,887,643.2 74,165,240.1 7.49% 
381 1.1 12 9000 0.4 35.4 4,894,482.8 34,720,028.3 6.14% 
382 1.1 12 9000 0.5 35.4 4,897,456.5 (5,273,787.2) 4.83% 
383 1.1 12 9000 0.6 35.3 4,893,856.5 (45,973,118.0) 3.56% 
384 1.1 12 9000 0.7 35.3 4,895,458.7 (86,380,426.0) 2.35% 
385 1.1 12 13500 0.1 33.6 1,699,753.4 (106,703,188.4) -0.35% 
386 1.1 12 13500 0.2 33.6 3,925,686.4 25,104,770.1 5.93% 
387 1.1 12 13500 0.3 33.5 5,138,363.3 74,046,155.0 7.42% 
388 1.1 12 13500 0.4 33.5 5,147,484.9 31,137,180.8 5.99% 
389 1.1 12 13500 0.5 33.5 5,143,547.3 (13,033,552.2) 4.60% 
390 1.1 12 13500 0.6 33.5 5,142,066.8 (57,123,101.5) 3.27% 
391 1.1 12 13500 0.7 33.5 5,143,172.9 (101,273,796.2) 2.00% 
392 1.1 12 18000 0.1 31.9 1,860,046.8 (106,290,643.1) -0.18% 
393 1.1 12 18000 0.2 31.9 4,253,790.2 34,461,173.9 6.23% 
394 1.1 12 18000 0.3 31.9 5,388,740.9 73,893,850.9 7.35% 
395 1.1 12 18000 0.4 31.9 5,394,254.5 26,991,911.6 5.83% 
396 1.1 12 18000 0.5 31.9 5,390,699.4 (20,717,819.7) 4.38% 
397 1.1 12 18000 0.6 31.8 5,388,486.6 (68,634,099.0) 2.99% 
398 1.1 12 18000 0.7 31.8 5,392,799.7 (116,342,031.9) 1.67% 
399 1.1 12 22500 0.1 30.4 2,021,293.3 (105,672,242.8) 0.00% 
400 1.1 12 22500 0.2 30.4 4,581,623.6 43,907,790.5 6.52% 
401 1.1 12 22500 0.3 30.4 5,639,970.4 73,849,167.8 7.29% 
402 1.1 12 22500 0.4 30.4 5,644,238.6 23,156,484.0 5.70% 
403 1.1 12 22500 0.5 30.4 5,643,295.5 (27,940,447.1) 4.19% 
404 1.1 12 22500 0.6 30.3 5,637,552.2 (79,716,570.1) 2.74% 
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405 1.1 12 22500 0.7 30.3 5,642,408.6 (131,217,902.1) 1.36% 
406 1.1 16 0 0.1 35.1 1,397,326.2 (115,064,253.2) -1.04% 
407 1.1 16 0 0.2 35.1 3,346,759.1 3,159,261.3 5.12% 
408 1.1 16 0 0.3 35.1 4,847,659.8 80,123,458.1 7.69% 
409 1.1 16 0 0.4 35.1 4,844,929.0 42,779,714.6 6.40% 
410 1.1 16 0 0.5 35.0 4,850,998.7 5,481,301.3 5.18% 
411 1.1 16 0 0.6 35.0 4,855,530.7 (31,831,774.7) 4.00% 
412 1.1 16 0 0.7 34.9 4,864,241.9 (69,658,260.2) 2.86% 
413 1.1 16 4500 0.1 33.5 1,538,008.3 (112,757,206.7) -0.76% 
414 1.1 16 4500 0.2 33.5 3,642,097.1 13,814,651.9 5.52% 
415 1.1 16 4500 0.3 33.5 5,092,206.1 83,915,368.0 7.75% 
416 1.1 16 4500 0.4 33.5 5,092,172.6 43,520,076.0 6.39% 
417 1.1 16 4500 0.5 33.4 5,096,813.2 2,956,435.9 5.09% 
418 1.1 16 4500 0.6 33.4 5,097,279.4 (37,696,562.0) 3.85% 
419 1.1 16 4500 0.7 33.4 5,103,669.3 (78,504,623.7) 2.66% 
420 1.1 16 9000 0.1 31.8 1,695,645.0 (112,480,466.8) -0.58% 
421 1.1 16 9000 0.2 31.8 3,970,250.5 23,279,231.1 5.85% 
422 1.1 16 9000 0.3 31.8 5,341,204.7 83,766,538.2 7.67% 
423 1.1 16 9000 0.4 31.8 5,346,988.9 40,205,577.5 6.24% 
424 1.1 16 9000 0.5 31.8 5,344,045.4 (4,453,110.9) 4.87% 
425 1.1 16 9000 0.6 31.8 5,350,617.7 (48,510,885.0) 3.57% 
426 1.1 16 9000 0.7 31.7 5,348,587.4 (93,327,079.5) 2.31% 
427 1.1 16 13500 0.1 30.3 1,854,483.7 (112,269,936.5) -0.41% 
428 1.1 16 13500 0.2 30.3 4,298,296.6 32,569,421.2 6.15% 
429 1.1 16 13500 0.3 30.3 5,591,491.5 83,661,166.0 7.60% 
430 1.1 16 13500 0.4 30.3 5,595,786.2 36,088,129.1 6.09% 
431 1.1 16 13500 0.5 30.3 5,590,477.7 (12,142,591.3) 4.64% 
432 1.1 16 13500 0.6 30.3 5,596,053.1 (59,909,302.9) 3.29% 
433 1.1 16 13500 0.7 30.2 5,594,711.1 (108,548,171.4) 1.97% 
434 1.1 16 18000 0.1 29.0 2,014,361.9 (111,883,394.7) -0.24% 
435 1.1 16 18000 0.2 28.9 4,625,966.1 41,899,660.7 6.43% 
436 1.1 16 18000 0.3 28.9 5,842,370.4 83,390,635.1 7.53% 
437 1.1 16 18000 0.4 28.9 5,845,241.2 32,050,241.5 5.94% 
438 1.1 16 18000 0.5 28.9 5,842,959.6 (19,808,886.9) 4.44% 
439 1.1 16 18000 0.6 28.9 5,842,470.7 (71,604,815.8) 3.01% 
440 1.1 16 18000 0.7 28.9 5,845,590.2 (123,435,651.5) 1.66% 
441 1.1 16 22500 0.1 27.7 2,175,145.0 (111,899,882.7) -0.11% 
442 1.1 16 22500 0.2 27.7 4,953,589.2 50,777,036.0 6.68% 
443 1.1 16 22500 0.3 27.7 6,090,397.8 82,457,625.6 7.44% 
444 1.1 16 22500 0.4 27.7 6,092,882.3 27,438,885.1 5.78% 
445 1.1 16 22500 0.5 27.7 6,092,958.6 (27,990,554.7) 4.22% 
446 1.1 16 22500 0.6 27.7 6,091,811.1 (83,014,667.4) 2.76% 
447 1.1 16 22500 0.7 27.6 6,091,738.9 (139,747,997.6) 1.33% 
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448 1.2 0 0 0.1 69.0 775,704.2 (67,862,880.6) 1.30% 
449 1.2 0 0 0.2 68.8 1,855,889.5 (5,094,001.0) 4.76% 
450 1.2 0 0 0.3 68.6 2,561,736.1 26,384,823.8 6.12% 
451 1.2 0 0 0.4 68.5 2,571,029.3 5,984,649.8 5.25% 
452 1.2 0 0 0.5 68.1 2,601,229.5 (15,550,030.5) 4.36% 
453 1.2 0 0 0.6 67.6 2,638,139.2 (37,438,922.6) 3.48% 
454 1.2 0 0 0.7 67.1 2,683,858.8 (59,691,023.0) 2.61% 
455 1.2 0 4500 0.1 63.5 916,957.6 (66,379,587.1) 1.48% 
456 1.2 0 4500 0.2 63.3 2,151,227.6 4,925,755.1 5.22% 
457 1.2 0 4500 0.3 63.2 2,790,327.2 29,060,641.2 6.19% 
458 1.2 0 4500 0.4 63.1 2,805,367.8 5,434,228.6 5.22% 
459 1.2 0 4500 0.5 62.8 2,821,436.7 (19,708,589.7) 4.22% 
460 1.2 0 4500 0.6 62.5 2,851,012.3 (44,548,825.5) 3.26% 
461 1.2 0 4500 0.7 62.1 2,886,567.1 (69,778,448.2) 2.32% 
462 1.2 0 9000 0.1 58.2 1,076,030.2 (65,302,655.9) 1.63% 
463 1.2 0 9000 0.2 58.1 2,479,380.9 15,147,801.4 5.64% 
464 1.2 0 9000 0.3 58.0 3,032,329.1 29,331,097.6 6.16% 
465 1.2 0 9000 0.4 57.9 3,048,932.7 2,091,521.1 5.08% 
466 1.2 0 9000 0.5 57.7 3,059,909.2 (26,759,334.3) 3.98% 
467 1.2 0 9000 0.6 57.5 3,085,586.5 (55,145,045.4) 2.94% 
468 1.2 0 9000 0.7 57.1 3,115,970.8 (83,982,618.1) 1.91% 
469 1.2 0 13500 0.1 53.8 1,236,840.1 (64,588,366.8) 1.75% 
470 1.2 0 13500 0.2 53.6 2,807,534.3 24,816,528.5 6.02% 
471 1.2 0 13500 0.3 53.6 3,276,497.4 29,544,133.7 6.13% 
472 1.2 0 13500 0.4 53.5 3,294,851.2 (1,543,182.7) 4.94% 
473 1.2 0 13500 0.5 53.3 3,305,488.1 (33,924,308.3) 3.75% 
474 1.2 0 13500 0.6 53.1 3,328,459.8 (65,978,559.8) 2.62% 
475 1.2 0 13500 0.7 52.8 3,357,273.8 (98,566,360.5) 1.51% 
476 1.2 0 18000 0.1 49.9 1,399,015.1 (63,961,778.5) 1.86% 
477 1.2 0 18000 0.2 49.8 3,135,687.6 34,177,818.5 6.35% 
478 1.2 0 18000 0.3 49.8 3,523,819.3 29,319,360.7 6.09% 
479 1.2 0 18000 0.4 49.7 3,542,630.4 (5,434,307.2) 4.80% 
480 1.2 0 18000 0.5 49.5 3,553,172.4 (41,570,220.6) 3.53% 
481 1.2 0 18000 0.6 49.3 3,574,851.5 (77,401,243.8) 2.31% 
482 1.2 0 18000 0.7 49.1 3,600,203.1 (114,062,861.9) 1.11% 
483 1.2 0 22500 0.1 46.6 1,562,282.1 (63,913,709.4) 1.94% 
484 1.2 0 22500 0.2 46.4 3,458,208.7 42,449,168.1 6.62% 
485 1.2 0 22500 0.3 46.5 3,774,036.7 28,579,455.6 6.03% 
486 1.2 0 22500 0.4 46.4 3,791,926.2 (9,914,789.4) 4.65% 
487 1.2 0 22500 0.5 46.2 3,803,200.9 (49,401,969.8) 3.31% 
488 1.2 0 22500 0.6 46.0 3,824,557.3 (88,891,059.8) 2.02% 
489 1.2 0 22500 0.7 45.8 3,850,107.0 (129,381,506.8) 0.76% 
490 1.2 4 0 0.1 57.5 931,108.9 (77,777,209.3) 0.59% 
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491 1.2 4 0 0.2 57.4 2,228,606.9 (1,793,017.8) 4.92% 
492 1.2 4 0 0.3 57.3 3,007,258.7 32,166,901.3 6.32% 
493 1.2 4 0 0.4 57.2 3,017,714.6 7,814,768.9 5.32% 
494 1.2 4 0 0.5 57.0 3,040,808.3 (17,230,994.9) 4.32% 
495 1.2 4 0 0.6 56.8 3,057,030.5 (43,404,573.7) 3.30% 
496 1.2 4 0 0.7 56.5 3,087,287.7 (69,310,976.5) 2.31% 
497 1.2 4 4500 0.1 53.6 1,072,152.4 (75,616,788.9) 0.85% 
498 1.2 4 4500 0.2 53.5 2,523,944.9 8,861,341.6 5.39% 
499 1.2 4 4500 0.3 53.5 3,244,666.2 35,451,764.5 6.41% 
500 1.2 4 4500 0.4 53.4 3,256,235.1 7,913,306.8 5.31% 
501 1.2 4 4500 0.5 53.3 3,264,047.4 (21,110,332.7) 4.19% 
502 1.2 4 4500 0.6 53.1 3,280,975.6 (49,833,114.9) 3.12% 
503 1.2 4 4500 0.7 52.9 3,305,620.1 (78,804,173.0) 2.07% 
504 1.2 4 9000 0.1 49.8 1,230,714.0 (74,723,649.1) 1.03% 
505 1.2 4 9000 0.2 49.7 2,852,098.3 19,139,895.1 5.80% 
506 1.2 4 9000 0.3 49.7 3,488,813.1 35,872,176.5 6.38% 
507 1.2 4 9000 0.4 49.7 3,501,136.3 4,678,959.3 5.18% 
508 1.2 4 9000 0.5 49.6 3,507,271.0 (27,976,533.1) 3.97% 
509 1.2 4 9000 0.6 49.4 3,520,607.4 (60,395,953.1) 2.81% 
510 1.2 4 9000 0.7 49.2 3,541,017.3 (93,130,851.5) 1.68% 
511 1.2 4 13500 0.1 46.5 1,390,844.9 (74,194,400.8) 1.18% 
512 1.2 4 13500 0.2 46.4 3,180,251.7 28,670,380.0 6.15% 
513 1.2 4 13500 0.3 46.4 3,734,893.0 35,734,270.1 6.33% 
514 1.2 4 13500 0.4 46.4 3,749,649.0 665,550.2 5.02% 
515 1.2 4 13500 0.5 46.3 3,378,590.6 (64,208,245.3) 2.63% 
516 1.2 4 13500 0.6 46.1 3,764,120.2 (71,901,422.2) 2.49% 
517 1.2 4 13500 0.7 46.0 3,784,045.0 (108,264,959.9) 1.29% 
518 1.2 4 18000 0.1 43.6 1,552,251.5 (73,627,247.1) 1.32% 
519 1.2 4 18000 0.2 43.5 3,508,405.0 38,102,341.7 6.47% 
520 1.2 4 18000 0.3 43.6 3,985,642.7 35,816,331.3 6.29% 
521 1.2 4 18000 0.4 43.5 3,999,867.0 (2,886,464.7) 4.90% 
522 1.2 4 18000 0.5 43.4 4,001,930.7 (42,926,368.2) 3.53% 
523 1.2 4 18000 0.6 43.3 4,013,866.2 (82,655,036.5) 2.22% 
524 1.2 4 18000 0.7 43.1 4,031,503.3 (123,120,943.7) 0.94% 
525 1.2 4 22500 0.1 41.1 1,714,709.3 (73,112,646.4) 1.45% 
526 1.2 4 22500 0.2 41.0 3,836,295.4 47,365,865.9 6.76% 
527 1.2 4 22500 0.3 41.0 4,234,808.0 35,595,057.4 6.24% 
528 1.2 4 22500 0.4 41.0 4,248,254.7 (6,763,638.4) 4.77% 
529 1.2 4 22500 0.5 40.9 4,251,935.6 (50,306,742.7) 3.33% 
530 1.2 4 22500 0.6 40.8 4,263,691.0 (93,695,984.0) 1.96% 
531 1.2 4 22500 0.7 40.6 4,281,672.4 (137,943,974.8) 0.62% 
532 1.2 8 0 0.1 49.3 1,086,514.3 (84,063,021.2) 0.33% 
533 1.2 8 0 0.2 49.2 2,601,324.3 4,839,878.4 5.21% 
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534 1.2 8 0 0.3 49.1 3,475,009.2 42,171,953.7 6.63% 
535 1.2 8 0 0.4 49.0 3,484,001.5 13,484,997.8 5.51% 
536 1.2 8 0 0.5 48.9 3,502,667.0 (15,640,746.6) 4.42% 
537 1.2 8 0 0.6 48.7 3,515,154.3 (45,937,986.4) 3.31% 
538 1.2 8 0 0.7 48.5 3,538,528.4 (75,815,140.2) 2.24% 
539 1.2 8 4500 0.1 46.4 1,227,404.7 (81,736,903.0) 0.61% 
540 1.2 8 4500 0.2 46.3 2,896,662.3 15,763,686.7 5.65% 
541 1.2 8 4500 0.3 46.3 3,714,323.7 45,621,030.6 6.71% 
542 1.2 8 4500 0.4 46.2 3,722,863.5 13,838,860.7 5.51% 
543 1.2 8 4500 0.5 46.1 3,736,074.9 (18,498,516.8) 4.33% 
544 1.2 8 4500 0.6 46.0 3,742,828.0 (51,939,963.6) 3.16% 
545 1.2 8 4500 0.7 45.8 3,762,177.6 (84,808,650.4) 2.03% 
546 1.2 8 9000 0.1 43.5 1,385,581.7 (80,954,540.6) 0.79% 
547 1.2 8 9000 0.2 43.4 3,224,815.7 25,897,749.2 6.03% 
548 1.2 8 9000 0.3 43.4 3,957,145.4 45,740,403.1 6.66% 
549 1.2 8 9000 0.4 43.4 3,970,353.4 10,592,678.8 5.38% 
550 1.2 8 9000 0.5 43.3 3,976,608.8 (25,907,452.8) 4.10% 
551 1.2 8 9000 0.6 43.2 3,981,761.2 (62,829,941.0) 2.85% 
552 1.2 8 9000 0.7 43.1 3,998,402.1 (99,562,092.9) 1.65% 
553 1.2 8 13500 0.1 41.0 1,545,185.1 (80,509,819.2) 0.94% 
554 1.2 8 13500 0.2 40.9 3,552,969.1 35,489,031.3 6.36% 
555 1.2 8 13500 0.3 40.9 4,206,118.1 45,895,632.3 6.62% 
556 1.2 8 13500 0.4 40.9 4,221,772.6 7,014,102.0 5.24% 
557 1.2 8 13500 0.5 40.8 4,223,067.1 (33,425,864.9) 3.88% 
558 1.2 8 13500 0.6 40.7 4,227,651.0 (73,934,581.4) 2.56% 
559 1.2 8 13500 0.7 40.6 4,242,442.4 (114,559,043.6) 1.29% 
560 1.2 8 18000 0.1 38.7 1,705,978.5 (80,226,116.3) 1.07% 
561 1.2 8 18000 0.2 38.6 3,880,859.3 44,938,570.3 6.66% 
562 1.2 8 18000 0.3 38.7 4,456,833.5 46,194,995.5 6.58% 
563 1.2 8 18000 0.4 38.6 4,468,795.7 3,321,022.5 5.11% 
564 1.2 8 18000 0.5 38.5 4,468,922.9 (40,758,453.5) 3.67% 
565 1.2 8 18000 0.6 38.5 4,477,409.3 (84,532,652.2) 2.31% 
566 1.2 8 18000 0.7 38.4 4,491,386.1 (128,998,045.7) 0.98% 
567 1.2 8 22500 0.1 36.7 1,867,774.7 (79,452,024.6) 1.22% 
568 1.2 8 22500 0.2 36.6 4,208,290.4 54,084,071.4 6.93% 
569 1.2 8 22500 0.3 36.6 4,707,738.8 45,814,315.5 6.52% 
570 1.2 8 22500 0.4 36.6 4,715,514.6 (1,108,920.7) 4.96% 
571 1.2 8 22500 0.5 36.5 4,718,638.2 (48,539,367.2) 3.47% 
572 1.2 8 22500 0.6 36.4 4,725,669.8 (96,083,156.7) 2.04% 
573 1.2 8 22500 0.7 36.3 4,741,300.9 (144,621,418.7) 0.64% 
574 1.2 12 0 0.1 43.1 1,241,920.1 (88,821,531.4) 0.32% 
575 1.2 12 0 0.2 43.0 2,974,041.7 13,077,525.5 5.53% 
576 1.2 12 0 0.3 42.9 3,937,093.0 52,860,149.1 6.92% 
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577 1.2 12 0 0.4 42.9 3,943,614.7 19,837,993.8 5.70% 
578 1.2 12 0 0.5 42.8 3,960,323.9 (13,399,900.1) 4.53% 
579 1.2 12 0 0.6 42.6 3,975,744.3 (47,280,200.9) 3.38% 
580 1.2 12 0 0.7 42.5 3,994,072.2 (81,315,617.0) 2.26% 
581 1.2 12 4500 0.1 40.8 1,382,693.9 (86,433,942.2) 0.58% 
582 1.2 12 4500 0.2 40.8 3,269,379.7 24,124,601.9 5.94% 
583 1.2 12 4500 0.3 40.7 4,174,504.9 56,269,218.8 6.98% 
584 1.2 12 4500 0.4 40.7 4,180,469.8 20,048,106.4 5.69% 
585 1.2 12 4500 0.5 40.6 4,191,488.1 (16,440,249.4) 4.45% 
586 1.2 12 4500 0.6 40.5 4,200,247.4 (53,552,891.0) 3.23% 
587 1.2 12 4500 0.7 40.4 4,211,958.8 (91,590,259.4) 2.01% 
588 1.2 12 9000 0.1 38.6 1,540,571.0 (85,691,531.0) 0.74% 
589 1.2 12 9000 0.2 38.5 3,597,533.1 33,869,229.7 6.27% 
590 1.2 12 9000 0.3 38.5 4,420,692.3 56,681,999.8 6.94% 
591 1.2 12 9000 0.4 38.5 4,430,583.9 17,132,574.9 5.57% 
592 1.2 12 9000 0.5 38.4 4,436,095.7 (23,447,528.3) 4.24% 
593 1.2 12 9000 0.6 38.3 4,442,087.2 (64,342,311.5) 2.94% 
594 1.2 12 9000 0.7 38.2 3,771,171.1 (159,947,977.2) -0.36% 
595 1.2 12 13500 0.1 36.6 1,699,753.4 (85,591,268.7) 0.87% 
596 1.2 12 13500 0.2 36.5 3,925,280.0 43,295,835.5 6.57% 
597 1.2 12 13500 0.3 36.5 4,669,006.4 56,679,108.4 6.89% 
598 1.2 12 13500 0.4 36.5 4,679,340.0 13,273,509.9 5.43% 
599 1.2 12 13500 0.5 36.4 4,682,425.5 (30,964,995.0) 4.02% 
600 1.2 12 13500 0.6 36.4 4,688,752.2 (75,312,024.9) 2.67% 
601 1.2 12 13500 0.7 36.3 4,702,806.6 (119,757,600.1) 1.37% 
602 1.2 12 18000 0.1 34.8 1,860,046.8 (85,177,327.2) 1.00% 
603 1.2 12 18000 0.2 34.7 4,252,831.5 52,583,693.7 6.85% 
604 1.2 12 18000 0.3 34.7 4,919,368.5 56,438,479.6 6.83% 
605 1.2 12 18000 0.4 34.7 4,928,110.4 9,286,700.3 5.29% 
606 1.2 12 18000 0.5 34.6 4,928,793.8 (38,803,347.1) 3.81% 
607 1.2 12 18000 0.6 34.6 4,936,974.1 (86,782,013.4) 2.40% 
608 1.2 12 18000 0.7 34.5 4,948,853.8 (135,410,341.4) 1.04% 
609 1.2 12 22500 0.1 33.1 2,021,293.3 (84,600,956.3) 1.13% 
610 1.2 12 22500 0.2 33.1 4,580,337.7 61,954,769.7 7.11% 
611 1.2 12 22500 0.3 33.1 5,169,658.4 56,206,848.6 6.77% 
612 1.2 12 22500 0.4 33.0 5,176,166.6 5,114,968.2 5.16% 
613 1.2 12 22500 0.5 33.0 5,179,019.2 (46,764,680.0) 3.61% 
614 1.2 12 22500 0.6 32.9 5,185,374.9 (97,837,100.5) 2.16% 
615 1.2 12 22500 0.7 32.8 5,200,273.0 (150,245,907.5) 0.75% 
616 1.2 16 0 0.1 38.2 1,397,326.2 (94,334,718.1) 0.26% 
617 1.2 16 0 0.2 38.2 3,346,759.1 20,556,339.6 5.79% 
618 1.2 16 0 0.3 38.1 4,391,213.7 62,179,690.8 7.12% 
619 1.2 16 0 0.4 38.1 4,390,950.1 24,506,381.5 5.82% 
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620 1.2 16 0 0.5 38.0 4,402,405.0 (13,308,034.6) 4.56% 
621 1.2 16 0 0.6 37.8 4,420,405.4 (51,267,663.5) 3.35% 
622 1.2 16 0 0.7 37.7 4,441,887.5 (89,240,904.7) 2.18% 
623 1.2 16 4500 0.1 36.5 1,538,008.3 (91,591,166.4) 0.51% 
624 1.2 16 4500 0.2 36.4 3,641,867.8 31,851,812.9 6.18% 
625 1.2 16 4500 0.3 36.4 4,629,873.9 66,323,479.1 7.21% 
626 1.2 16 4500 0.4 36.4 4,633,894.3 25,957,526.5 5.84% 
627 1.2 16 4500 0.5 36.3 4,640,591.0 (15,066,724.3) 4.52% 
628 1.2 16 4500 0.6 36.2 4,654,660.6 (56,005,744.1) 3.26% 
629 1.2 16 4500 0.7 36.1 4,668,195.4 (97,231,817.4) 2.03% 
630 1.2 16 9000 0.1 34.7 1,695,645.0 (91,170,934.8) 0.65% 
631 1.2 16 9000 0.2 34.6 3,969,561.4 41,503,311.1 6.48% 
632 1.2 16 9000 0.3 34.6 4,874,058.4 66,495,300.7 7.16% 

633 1.2 16 9000 0.4 34.6 924,705.1 (307,814,219.5) -
14.93% 

634 1.2 16 9000 0.5 34.5 4,883,250.4 (22,375,860.1) 4.31% 
635 1.2 16 9000 0.6 34.5 4,895,737.1 (66,730,735.5) 2.99% 
636 1.2 16 9000 0.7 34.4 4,908,271.1 (111,722,143.3) 1.71% 
637 1.2 16 13500 0.1 33.1 1,854,483.7 (90,940,197.2) 0.78% 
638 1.2 16 13500 0.2 33.0 4,297,214.6 50,808,117.6 6.76% 
639 1.2 16 13500 0.3 33.0 5,121,488.8 66,098,358.6 7.09% 
640 1.2 16 13500 0.4 33.0 5,126,852.6 18,168,037.9 5.56% 
641 1.2 16 13500 0.5 32.9 5,135,263.7 (29,470,146.5) 4.12% 
642 1.2 16 13500 0.6 32.9 5,142,194.8 (78,019,551.6) 2.73% 
643 1.2 16 13500 0.7 32.8 5,153,314.4 (126,918,058.7) 1.38% 
644 1.2 16 18000 0.1 31.6 2,014,361.9 (90,593,780.6) 0.90% 
645 1.2 16 18000 0.2 31.5 4,624,795.3 60,117,584.5 7.02% 
646 1.2 16 18000 0.3 31.5 5,371,386.3 65,940,476.4 7.03% 
647 1.2 16 18000 0.4 31.5 5,377,028.9 14,141,877.2 5.42% 
648 1.2 16 18000 0.5 31.4 5,383,173.3 (37,363,714.3) 3.92% 
649 1.2 16 18000 0.6 31.4 4,650,623.9 (147,811,521.9) 0.57% 
650 1.2 16 18000 0.7 31.3 5,401,039.8 (142,219,024.3) 1.07% 
651 1.2 16 22500 0.1 30.2 2,175,145.0 (90,657,655.1) 1.00% 
652 1.2 16 22500 0.2 30.1 4,952,202.8 68,936,877.5 7.24% 
653 1.2 16 22500 0.3 30.1 5,621,331.7 65,089,348.1 6.95% 
654 1.2 16 22500 0.4 30.1 5,621,437.1 9,102,823.3 5.26% 
655 1.2 16 22500 0.5 30.1 5,631,301.6 (45,471,868.6) 3.72% 
656 1.2 16 22500 0.6 30.0 5,636,284.3 (101,623,457.1) 2.21% 
657 1.2 16 22500 0.7 29.9 5,639,840.2 (159,234,519.8) 0.73% 
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Table 21: Full results from UO subsidized case. 

Scenario Peak 
Load:SMR 

WTG 
Number 

PV 
Nameplate 

(kW) 

PEM 
Ratio 

HES 
CF 
(%) 

H2 
Production 

(kg) 
NPV ($) Irr (%) 

1 1 0 0 0.1 56.5 793430.0 -111435489.7 -1.72% 

2 1 0 0 0.2 56.4 1898298.8 -40528186.7 3.01% 
3 1 0 0 0.3 56.4 2777998.2 6776442.6 5.29% 
4 1 0 0 0.4 56.4 3699630.2 56404275.5 7.21% 
5 1 0 0 0.5 56.4 3778448.5 42019514.3 6.61% 
6 1 0 0 0.6 56.4 3765067.0 20185618.6 5.76% 
7 1 0 0 0.7 56.4 3767883.7 -499453.4 4.98% 
8 1 0 4500 0.1 51.8 937911.2 -110876030.1 -1.48% 
9 1 0 4500 0.2 51.8 2200385.6 -31065911.8 3.55% 

10 1 0 4500 0.3 51.8 3220076.5 23223635.4 5.95% 
11 1 0 4500 0.4 51.8 3966037.9 56373593.7 7.13% 
12 1 0 4500 0.5 51.8 3960508.1 31994185.9 6.19% 
13 1 0 4500 0.6 51.8 3960776.8 25403419.0 5.94% 
14 1 0 4500 0.7 51.8 3962313.9 -15921408.0 4.43% 
15 1 0 9000 0.1 47.5 1100618.7 -109807325.0 -1.20% 
16 1 0 9000 0.2 47.5 2536037.6 -20731905.8 4.07% 
17 1 0 9000 0.3 47.5 3708589.2 41368523.4 6.61% 
18 1 0 9000 0.4 47.5 4172766.1 49334113.6 6.81% 
19 1 0 9000 0.5 47.5 4158140.0 20633405.1 5.74% 
20 1 0 9000 0.6 47.5 4158155.7 -6983610.8 4.75% 
21 1 0 9000 0.7 47.5 4158997.3 -34575650.8 3.80% 
22 1 0 13500 0.1 43.9 1265103.4 -108644716.6 -0.93% 
23 1 0 13500 0.2 43.9 2871689.7 -10582493.7 4.55% 
24 1 0 13500 0.3 43.9 4188127.9 58837461.1 7.17% 
25 1 0 13500 0.4 43.9 4372956.9 41807716.6 6.49% 
26 1 0 13500 0.5 43.9 4355837.5 9278211.5 5.32% 
27 1 0 13500 0.6 43.8 4355728.9 -21984028.9 4.25% 
28 1 0 13500 0.7 43.8 4356606.1 -53202009.9 3.22% 
29 1 0 18000 0.1 40.7 1430984.2 -107478573.4 -0.68% 
30 1 0 18000 0.2 40.7 3207341.7 -518034.0 4.98% 
31 1 0 18000 0.3 40.7 4556575.7 67756939.4 7.41% 
32 1 0 18000 0.4 40.7 4569854.2 33972645.5 6.17% 
33 1 0 18000 0.5 40.7 4554466.1 -2062995.5 4.93% 
34 1 0 18000 0.6 40.7 4553040.4 -37065477.3 3.78% 
35 1 0 18000 0.7 40.7 4554416.7 -71882532.2 2.68% 
36 1 0 22500 0.1 38.0 1597982.1 -106292879.7 -0.45% 
37 1 0 22500 0.2 38.0 3537232.8 9044461.8 5.36% 
38 1 0 22500 0.3 38.0 4760298.4 64025289.7 7.21% 
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39 1 0 22500 0.4 38.0 4762108.5 25725627.8 5.86% 
40 1 0 22500 0.5 38.0 4752189.2 -13538836.0 4.56% 
41 1 0 22500 0.6 38.0 4750933.7 -52174171.2 3.33% 
42 1 0 22500 0.7 38.0 4752064.3 -90646546.9 2.16% 
43 1.1 0 0 0.1 62.1 793430.0 -90307697.5 -0.16% 
44 1.1 0 0 0.2 62.0 1898298.8 -21712607.5 3.97% 
45 1.1 0 0 0.3 62.0 2777720.5 24731474.7 6.05% 
46 1.1 0 0 0.4 62.0 3308069.5 44965686.6 6.78% 
47 1.1 0 0 0.5 61.9 3313508.9 24398112.7 5.95% 
48 1.1 0 0 0.6 61.9 3311296.7 3031190.7 5.12% 
49 1.1 0 0 0.7 61.8 3318068.6 -17786477.9 4.33% 
50 1.1 0 4500 0.1 57.0 937911.2 -89478400.3 0.03% 
51 1.1 0 4500 0.2 57.0 2200385.6 -12121852.2 4.45% 
52 1.1 0 4500 0.3 57.0 3215727.5 41357678.5 6.66% 
53 1.1 0 4500 0.4 57.0 3507653.1 39946855.8 6.54% 
54 1.1 0 4500 0.5 56.9 3498355.3 15084172.0 5.57% 
55 1.1 0 4500 0.6 56.9 3501773.2 -8924759.6 4.67% 
56 1.1 0 4500 0.7 56.8 3506368.3 -32971156.2 3.79% 
57 1.1 0 9000 0.1 52.3 1100618.7 -88423015.7 0.24% 
58 1.1 0 9000 0.2 52.2 2536037.6 -1789269.8 4.92% 
59 1.1 0 9000 0.3 52.2 3685319.4 58312383.6 7.22% 
60 1.1 0 9000 0.4 52.2 3704032.7 32288029.3 6.20% 
61 1.1 0 9000 0.5 52.2 3694117.7 3794958.2 5.14% 
62 1.1 0 9000 0.6 52.2 3696569.3 -23829250.2 4.14% 
63 1.1 0 9000 0.7 52.1 3700401.3 -51460056.0 3.18% 
64 1.1 0 13500 0.1 48.2 1265103.4 -87300494.2 0.44% 
65 1.1 0 13500 0.2 48.2 2871689.7 8384183.3 5.35% 
66 1.1 0 13500 0.3 48.2 3895855.3 55367603.9 7.05% 
67 1.1 0 13500 0.4 48.2 3903292.1 24776969.7 5.90% 
68 1.1 0 13500 0.5 48.2 3891166.8 -7492349.0 4.73% 
69 1.1 0 13500 0.6 48.2 3893470.6 -38741622.0 3.65% 
70 1.1 0 13500 0.7 48.2 3896329.1 -70041313.9 2.61% 
71 1.1 0 18000 0.1 44.8 1430984.2 -86164673.9 0.63% 
72 1.1 0 18000 0.2 44.8 3205946.0 18380386.6 5.73% 
73 1.1 0 18000 0.3 44.8 4096102.2 51587664.5 6.86% 
74 1.1 0 18000 0.4 44.8 4096312.5 16686525.8 5.59% 
75 1.1 0 18000 0.5 44.8 4088885.5 -18837467.9 4.35% 
76 1.1 0 18000 0.6 44.7 4090850.3 -53740951.4 3.19% 
77 1.1 0 18000 0.7 44.7 4093543.3 -88764938.9 2.07% 
78 1.1 0 22500 0.1 41.8 1597982.1 -85018822.6 0.81% 
79 1.1 0 22500 0.2 41.8 3532346.7 27701673.6 6.07% 
80 1.1 0 22500 0.3 41.8 4296172.7 47630631.4 6.67% 
81 1.1 0 22500 0.4 41.8 4292063.5 8749999.2 5.30% 
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82 1.1 0 22500 0.5 41.8 4286283.6 -30280214.9 3.99% 
83 1.1 0 22500 0.6 41.8 4287767.5 -68848961.6 2.76% 
84 1.1 0 22500 0.7 41.7 4290155.4 -107758268.9 1.56% 
85 1.2 0 0 0.1 67.6 793430.0 -70412254.6 1.14% 
86 1.2 0 0 0.2 67.5 1898298.8 -4179465.1 4.81% 
87 1.2 0 0 0.3 67.4 2770581.8 40972813.9 6.70% 
88 1.2 0 0 0.4 67.4 2861083.8 27880400.3 6.13% 
89 1.2 0 0 0.5 67.3 2860725.4 6400178.0 5.26% 
90 1.2 0 0 0.6 67.2 2869911.8 -14502814.1 4.43% 
91 1.2 0 0 0.7 67.1 2881373.8 -35457985.5 3.62% 
92 1.2 0 4500 0.1 62.1 937911.2 -69135750.0 1.32% 
93 1.2 0 4500 0.2 62.1 2200385.6 5725513.5 5.25% 
94 1.2 0 4500 0.3 62.0 3041812.7 45845452.4 6.83% 
95 1.2 0 4500 0.4 62.0 3047394.9 22464748.6 5.88% 
96 1.2 0 4500 0.5 61.9 3046855.9 -2101220.8 4.92% 
97 1.2 0 4500 0.6 61.9 3053922.9 -26211817.3 4.00% 
98 1.2 0 4500 0.7 61.8 3062766.1 -50402336.3 3.11% 
99 1.2 0 9000 0.1 57.0 1100618.7 -67814532.7 1.49% 

100 1.2 0 9000 0.2 56.9 2534522.5 16320031.4 5.69% 
101 1.2 0 9000 0.3 56.9 3236478.9 42503390.2 6.65% 
102 1.2 0 9000 0.4 56.9 3239487.3 14858722.4 5.57% 
103 1.2 0 9000 0.5 56.8 3238626.8 -13251508.6 4.51% 
104 1.2 0 9000 0.6 56.8 3244363.4 -40991568.8 3.50% 
105 1.2 0 9000 0.7 56.7 3251907.1 -68804537.3 2.52% 
106 1.2 0 13500 0.1 52.6 1265103.4 -66700049.5 1.65% 
107 1.2 0 13500 0.2 52.6 2866604.6 26466802.5 6.08% 
108 1.2 0 13500 0.3 52.6 3436379.4 38893833.9 6.47% 
109 1.2 0 13500 0.4 52.5 3436065.4 7339385.8 5.27% 
110 1.2 0 13500 0.5 52.5 3434207.5 -24407723.9 4.12% 
111 1.2 0 13500 0.6 52.4 3439176.0 -55743842.7 3.02% 
112 1.2 0 13500 0.7 52.4 3445218.6 -87392184.4 1.96% 
113 1.2 0 18000 0.1 48.8 1430984.2 -65604988.2 1.79% 
114 1.2 0 18000 0.2 48.8 3197570.7 36280468.8 6.42% 
115 1.2 0 18000 0.3 48.8 3634335.7 34855905.9 6.28% 
116 1.2 0 18000 0.4 48.8 3631627.7 -443905.3 4.98% 
117 1.2 0 18000 0.5 48.8 3630938.1 -35691568.2 3.75% 
118 1.2 0 18000 0.6 48.7 3635130.2 -70702562.9 2.57% 
119 1.2 0 18000 0.7 48.7 3640977.2 -106290935.7 1.42% 
120 1.2 0 22500 0.1 45.6 1597982.1 -64523140.2 1.93% 
121 1.2 0 22500 0.2 45.5 3511147.4 44661889.3 6.69% 
122 1.2 0 22500 0.3 45.6 3831660.6 30757944.7 6.10% 
123 1.2 0 22500 0.4 45.5 3829303.6 -8144226.4 4.72% 
124 1.2 0 22500 0.5 45.5 3826886.6 -47164719.2 3.40% 
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125 1.2 0 22500 0.6 45.5 3830373.4 -85963266.4 2.14% 
126 1.2 0 22500 0.7 45.4 3834901.4 -125578894.0 0.91% 
127 0.95 0 15750 0.25 40.1 3706726.5 19374145.5 5.76% 
128 0.95 0 15750 0.3 40.1 4437369.6 58728831.0 7.14% 
129 0.95 0 15750 0.35 40.1 4698956.6 62226491.5 7.19% 
130 0.95 0 18000 0.25 38.7 3911392.4 26301152.4 6.01% 
131 0.95 0 18000 0.3 38.7 4668005.2 66729092.6 7.37% 
132 0.95 0 18000 0.35 38.7 4802532.3 59600817.1 7.07% 
133 0.95 0 20250 0.25 37.4 4113959.2 33017061.4 6.24% 
134 0.95 0 20250 0.3 37.4 4887341.8 73814483.8 7.57% 
135 0.95 0 20250 0.35 37.4 4900805.0 56522022.9 6.94% 
136 0.95 0 15750 0.25 40.1 3706726.5 19374145.5 5.76% 
137 0.95 0 15750 0.3 40.1 4437369.6 58728831.0 7.14% 
138 0.95 0 15750 0.35 40.1 4698956.6 62226491.5 7.19% 
139 0.95 0 18000 0.25 38.7 3911392.4 26301152.4 6.01% 
140 0.95 0 18000 0.3 38.7 4668005.2 66729092.6 7.37% 
141 0.95 0 18000 0.35 38.7 4802532.3 59600817.1 7.07% 
142 0.95 0 20250 0.25 37.4 4113959.2 33017061.4 6.24% 
143 0.95 0 20250 0.3 37.4 4887341.8 73814483.8 7.57% 
144 0.95 0 20250 0.35 37.4 4900805.0 56522022.9 6.94% 
145 0.95 1 15750 0.25 38.7 3823032.3 20586780.7 5.80% 
146 0.95 1 15750 0.3 38.7 4567214.4 60458314.5 7.17% 
147 0.95 1 15750 0.35 38.7 4706540.2 54089768.4 6.90% 
148 0.95 1 18000 0.25 37.3 4026580.2 27437644.1 6.04% 
149 0.95 1 18000 0.3 37.3 4788660.0 67765026.9 7.38% 
150 0.95 1 18000 0.35 37.3 4806832.5 51223432.8 6.78% 
151 0.95 1 20250 0.25 36.1 4228999.8 34172359.8 6.27% 
152 0.95 1 20250 0.3 36.1 4893023.1 66089692.5 7.29% 
153 1 0 13500 0.6 43.8 4355728.9 -21984028.9 4.25% 
154 1 0 13500 0.7 43.8 4356606.1 -53202009.9 3.22% 
155 1 0 18000 0.1 40.7 1430984.2 -107478573.4 -0.68% 
156 1 0 18000 0.2 40.7 3207341.7 -518034.0 4.98% 
157 1 0 18000 0.3 40.7 4556575.7 67756939.4 7.41% 
158 1 0 18000 0.4 40.7 4569854.2 33972645.5 6.17% 
159 1 0 18000 0.5 40.7 4554466.1 -2062995.5 4.93% 
160 1 0 18000 0.6 40.7 4553040.4 -37065477.3 3.78% 
161 1 0 18000 0.7 40.7 4554416.7 -71882532.2 2.68% 
162 1 0 22500 0.1 38.0 1597982.1 -106292879.7 -0.45% 
163 1 0 22500 0.2 38.0 3537232.8 9044461.8 5.36% 
164 1 0 22500 0.3 38.0 4760298.4 64025289.7 7.21% 
165 1 0 22500 0.4 38.0 4762108.5 25725627.8 5.86% 
166 1 0 22500 0.5 38.0 4752189.2 -13538836.0 4.56% 
167 1 0 22500 0.6 38.0 4750933.7 -52174171.2 3.33% 
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168 1 0 22500 0.7 38.0 4752064.3 -90646546.9 2.16% 
169 1.1 0 0 0.1 62.1 793430.0 -90307697.5 -0.16% 
170 1.1 0 0 0.2 62.0 1898298.8 -21712607.5 3.97% 
171 1.1 0 0 0.3 62.0 2777720.5 24731474.7 6.05% 
172 1.1 0 0 0.4 62.0 3308069.5 44965686.6 6.78% 
173 1.1 0 0 0.5 61.9 3313508.9 24398112.7 5.95% 
174 1.1 0 0 0.6 61.9 3311296.7 3031190.7 5.12% 
175 1.1 0 0 0.7 61.8 3318068.6 -17786477.9 4.33% 
176 1.1 0 4500 0.1 57.0 937911.2 -89478400.3 0.03% 
177 1.1 0 4500 0.2 57.0 2200385.6 -12121852.2 4.45% 
178 1.1 0 4500 0.3 57.0 3215727.5 41357678.5 6.66% 
179 1.1 0 4500 0.4 57.0 3507653.1 39946855.8 6.54% 
180 1.1 0 4500 0.5 56.9 3498355.3 15084172.0 5.57% 
181 1.1 0 4500 0.6 56.9 3501773.2 -8924759.6 4.67% 
182 1.1 0 4500 0.7 56.8 3506368.3 -32971156.2 3.79% 
183 1.1 0 9000 0.1 52.3 1100618.7 -88423015.7 0.24% 
184 1.1 0 9000 0.2 52.2 2536037.6 -1789269.8 4.92% 
185 1.1 0 9000 0.3 52.2 3685319.4 58312383.6 7.22% 
186 1.1 0 9000 0.4 52.2 3704032.7 32288029.3 6.20% 
187 1.1 0 9000 0.5 52.2 3694117.7 3794958.2 5.14% 
188 1.1 0 9000 0.6 52.2 3696569.3 -23829250.2 4.14% 
189 1.1 0 9000 0.7 52.1 3700401.3 -51460056.0 3.18% 
190 1.1 0 13500 0.1 48.2 1265103.4 -87300494.2 0.44% 
191 1.1 0 13500 0.2 48.2 2871689.7 8384183.3 5.35% 
192 1.1 0 13500 0.3 48.2 3895855.3 55367603.9 7.05% 
193 1.1 0 13500 0.4 48.2 3903292.1 24776969.7 5.90% 
194 1.1 0 13500 0.5 48.2 3891166.8 -7492349.0 4.73% 
195 1.1 0 13500 0.6 48.2 3893470.6 -38741622.0 3.65% 
196 1.1 0 13500 0.7 48.2 3896329.1 -70041313.9 2.61% 
197 1.1 0 18000 0.1 44.8 1430984.2 -86164673.9 0.63% 
198 1.1 0 18000 0.2 44.8 3205946.0 18380386.6 5.73% 
199 1.1 0 18000 0.3 44.8 4096102.2 51587664.5 6.86% 
200 1.1 0 18000 0.4 44.8 4096312.5 16686525.8 5.59% 
201 1.1 0 18000 0.5 44.8 4088885.5 -18837467.9 4.35% 
202 1.1 0 18000 0.6 44.7 4090850.3 -53740951.4 3.19% 
203 1.1 0 18000 0.7 44.7 4093543.3 -88764938.9 2.07% 
204 1.1 0 22500 0.1 41.8 1597982.1 -85018822.6 0.81% 
205 1.1 0 22500 0.2 41.8 3532346.7 27701673.6 6.07% 
206 1.1 0 22500 0.3 41.8 4296172.7 47630631.4 6.67% 
207 1.1 0 22500 0.4 41.8 4292063.5 8749999.2 5.30% 
208 1.1 0 22500 0.5 41.8 4286283.6 -30280214.9 3.99% 
209 1.1 0 22500 0.6 41.8 4287767.5 -68848961.6 2.76% 
210 1.1 0 22500 0.7 41.7 4290155.4 -107758268.9 1.56% 
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211 1.2 0 0 0.1 67.6 793430.0 -70412254.6 1.14% 
212 1.2 0 0 0.2 67.5 1898298.8 -4179465.1 4.81% 
213 1.2 0 0 0.3 67.4 2770581.8 40972813.9 6.70% 
214 1.2 0 0 0.4 67.4 2861083.8 27880400.3 6.13% 
215 1.2 0 0 0.5 67.3 2860725.4 6400178.0 5.26% 
216 1.2 0 0 0.6 67.2 2869911.8 -14502814.1 4.43% 
217 1.2 0 0 0.7 67.1 2881373.8 -35457985.5 3.62% 
218 1.2 0 4500 0.1 62.1 937911.2 -69135750.0 1.32% 
219 1.2 0 4500 0.2 62.1 2200385.6 5725513.5 5.25% 
220 1.2 0 4500 0.3 62.0 3041812.7 45845452.4 6.83% 
221 1.2 0 4500 0.4 62.0 3047394.9 22464748.6 5.88% 
222 1.2 0 4500 0.5 61.9 3046855.9 -2101220.8 4.92% 
223 1.2 0 4500 0.6 61.9 3053922.9 -26211817.3 4.00% 
224 1.2 0 4500 0.7 61.8 3062766.1 -50402336.3 3.11% 
225 1.2 0 9000 0.1 57.0 1100618.7 -67814532.7 1.49% 
226 1.2 0 9000 0.2 56.9 2534522.5 16320031.4 5.69% 
227 1.2 0 9000 0.3 56.9 3236478.9 42503390.2 6.65% 
228 1.2 0 9000 0.4 56.9 3239487.3 14858722.4 5.57% 
229 1.2 0 9000 0.5 56.8 3238626.8 -13251508.6 4.51% 
230 1.2 0 9000 0.6 56.8 3244363.4 -40991568.8 3.50% 
231 1.2 0 9000 0.7 56.7 3251907.1 -68804537.3 2.52% 
232 1.2 0 13500 0.1 52.6 1265103.4 -66700049.5 1.65% 
233 1.2 0 13500 0.2 52.6 2866604.6 26466802.5 6.08% 
234 1.2 0 13500 0.3 52.6 3436379.4 38893833.9 6.47% 
235 1.2 0 13500 0.4 52.5 3436065.4 7339385.8 5.27% 
236 1.2 0 13500 0.5 52.5 3434207.5 -24407723.9 4.12% 
237 1.2 0 13500 0.6 52.4 3439176.0 -55743842.7 3.02% 
238 1.2 0 13500 0.7 52.4 3445218.6 -87392184.4 1.96% 
239 1.2 0 18000 0.1 48.8 1430984.2 -65604988.2 1.79% 
240 1.2 0 18000 0.2 48.8 3197570.7 36280468.8 6.42% 
241 1.2 0 18000 0.3 48.8 3634335.7 34855905.9 6.28% 
242 1.2 0 18000 0.4 48.8 3631627.7 -443905.3 4.98% 
243 1.2 0 18000 0.5 48.8 3630938.1 -35691568.2 3.75% 
244 1.2 0 18000 0.6 48.7 3635130.2 -70702562.9 2.57% 
245 1.2 0 18000 0.7 48.7 3640977.2 -106290935.7 1.42% 
246 1.2 0 22500 0.1 45.6 1597982.1 -64523140.2 1.93% 
247 1.2 0 22500 0.2 45.5 3511147.4 44661889.3 6.69% 
248 1.2 0 22500 0.3 45.6 3831660.6 30757944.7 6.10% 
249 1.2 0 22500 0.4 45.5 3829303.6 -8144226.4 4.72% 
250 1.2 0 22500 0.5 45.5 3826886.6 -47164719.2 3.40% 
251 1.2 0 22500 0.6 45.5 3830373.4 -85963266.4 2.14% 

 


