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Abstract – An HTR can be used for production of electricity and process heat. 
When these two applications are combined, a multitude of systems and components 
are needed. Whilst meeting the end user needs, this multitude of systems and 
components has to operate safely and economically. Therefore, within the 
framework of the European 7th framework program ARCHER project, a design 
schematic of a nuclear cogeneration system connected to a European and a South 
African industrial process is established and assessed.  
In order to provide an objective overview of the different indicators important for 
decision makers, the main characteristics with respect to the HTR system, the 
environment, safety, and economics are identified and compared to the 
characteristics of a modern gas turbine plant. In addition, a gap and SWOT  
analysis of a nuclear cogeneration system in Europe and South Africa are presented. 
In order to enable technical analysis of such a nuclear cogeneration system, a 
multitude of computer codes will be needed. Therefore, a code inventory is 
established of codes being used in Europe and South Africa for which the 
requirements for integration, development and qualification are assessed. 

 
I. INTRODUCTION 

 
Europe has set itself stringent targets for 

achieving a low carbon society. The Strategic Energy 
Technology (SET) Plan [1] envisages 20% reduction 
in energy consumption, 20% reduction in greenhouse 
gas emissions, 20% of energy from renewables by 
2020, and 80% GHG emission reduction in 2040. 
The energy technology transition required is mainly 
supported via so-called ‘Technology Platforms’ 
gathering the major players of a given technology 
from industry and research. These platforms then 
produce ‘industrial initiatives’, public private 
partnerships that target demonstration and 
deployment of suitable technologies. It can be 
expected that the creation of an industrial initiative is 

de facto a requirement to get access to significant 
amounts of public funding. 

One of the currently eight energy technology 
platforms is the Sustainable Nuclear Energy 
Technology Platform (SNETP [2]) gathering more 
than 100 companies and research organizations 
across Europe. One of the three pillars of SNETP is 
the Nuclear Cogeneration Industrial Initiative 
(NC2I).  

As explained in [3], an HTR can meet the SET 
plan goals well. By targeting demonstration in 2025, 
and commercial deployment from 2030, significant 
CO2 emission reduction from industry can be 
established from 2040 onwards. Affordable, Reliable, 
and Clean (CO2-lean) energy generation [4] is not 
only needed for electricity production, but also for 
the industry requiring process heat. It should be 
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noted that no other SET plan energy technology 
proposed to date introduces emission reduction of 
process industry. Even though these industries have 
achieved an impressive reduction  already by 
efficiency and process adjustments in the past decade, 
HTR offers an opportunity to do more. 

A prerequisite to achieve this is a demonstration 
of the viability of the technology, in terms of 
economics, licensing, safety, and technical maturity. 
In the Europairs project [5], demonstration has 
therefore been made central for any further 
developments, as the Europairs roadmap intends to 
display in figure 1. 

An HTR can be used for production of electricity 
and process heat. When these two applications are 
combined, a multitude of systems and components 
are needed. Whilst meeting the end user needs, this 
multitude of systems and components has to operate 
safely and economically. Therefore, within the 
framework of the European 7th framework program 
ARCHER project [6], a design schematic of a 
nuclear cogeneration system connected to a 
European and a South African industrial process is 
established and assessed. This design schematic 
takes into account selected end user specifications 
and requirements from a realistic case study. 
Furthermore, apart from the primary system 
characteristics, it includes a secondary system design 
with sufficient detail for an adequate assessment.   

In order to provide an objective overview of the 
different indicators important for decision makers, 
the main characteristics with respect to the HTR 
system, the environment, safety, and economics are 
identified and compared to the characteristics of a 
modern gas turbine plant.  

In addition, a technology gap analysis is 
performed based on the European experience base 
and a SWOT analysis of a nuclear cogeneration 
system in Europe and South Africa are presented. 
This SWOT Analysis is performed for elements 
impacting the success of a future nuclear 
cogeneration demonstrator. The result of this 
analysis is expected to serve as a guideline for 
further work towards the successful demonstration of 
nuclear cogeneration. 

In order to enable technical analysis of such a 
nuclear cogeneration system, a multitude of 
computer codes will be needed. Therefore, a code 
inventory is established of codes being used in 
Europe and South Africa for which the requirements 
for integration, development and qualification are 
assessed. 

 
II. DESIGN SCHEMATICS 

 
Reference HTR system  

With the purpose of performing an assessment of 
the coupling of an HTR system to a process heat 

application, reference HTR plant characteristics have 
been selected as reported in table 1. 

 
Table 1: Characteristics Reference HTR 

Plant Characteristic Value 
Thermal Power 2x260 MWth 
Electric Power 127 MWe 
Process Heat Power 400 t/hr 
Availability 90% 
Primary System Pressure 70 bar 
Number of Pebbles 317500 
Steam Generator Inlet Temp. 700° 
Steam Generator Outlet Temp. 250° 
Helium Mass Flow 111 kg/s 

 
A 600 MW nuclear reactor with steam generator 

outlet temperature of 600°C is specified for the 
conceptual design. The system is designed to deliver 
process steam at two pressure levels: the high 
pressure process steam at 500°C (or 550°C if there is 
no intermediate reboiler) and low pressure process 
steam at 300°C. Different values of steam supply 
rate can be selected depending on the desired mix of 
process heat/electricity production. Study of the 
system performance criteria shows satisfactory 
results. 

 
II.A. Europe 

 
Fictive Realistic Process Heat Application 

The reference ARCHER HTR system is coupled 
to a typical European process heat application. For 
this purpose, the following fictive but realistic 
process heat application has been assumed. The 
application is representative for a large chemical 
complex. The plant uses steam as the energy carrier 
between the different units. Steam was identified as 
the obvious heat transfer medium if HTR energy is 
introduced in the conventional industries, with a 
minimum of modifications in existing plants 
operating well established industrial processes. 

The following main characteristics for the 
process heat application are defined: 

• Steam is mostly used at 3 different pressure 
levels 

o  high pressure (~30 bars, 260°C),  
o  medium pressure (~16 bars, 220°C),  
o  low pressure (~4 bars, 200°C) 

• The steam is mostly generated in a dedicated 
Power and Steam Station, at high conditions 
(~130 bars, 540°C). The steam is first 
expanded in turbines to produce electricity, 
then admitted into the different pipe headers. 

• The steam is frequently in direct contact with 
the product 
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• Most of the steam condensates are discharged 
into the environment, only a fraction returns 
to the boilers water preparation plant 

• A large part of the steam consumption is 
linked to heating of equipment and 
infrastructures which must be maintained at 
a sufficient temperature in winter. As a 
result, steam consumption is markedly 
reduced in summer 

• Stable steam conditions are most frequently 
compulsory for a safe and smooth operation. 
Sudden interruptions may lead not only into 
production problems, but also into 
emergency measures. For this reason, the 
power plant always maintains several 
boilers in operation, with at least another 
one in standby mode ready to take-over. 

  
Long Term Potential Coal Processing 

As a longer term high potential option for 
cogeneration, coal processing options have been 
assessed. It is concluded that at the demonstrator 
level of heat production with an HTR, an additional 
system will be needed to elevate the temperature. To 
this purpose a mechanical heat pump could be used 
or so-called clean gas combustion.  

 
Assessment of Coupling Options 

Different options to couple a process heat 
application to an HTR are evaluated and conclusions 
are drawn from this assessment. An indirect steam 
cycle allows more than 550°C of steam temperature 
on the secondary side before materials issues appear. 
These conditions enable the currently best available 
power conversion efficiencies and fully correspond 
to the existing heat market demand, but the nuclear 
heat source is not used to its full potential, because 
primary coolant outlet temperatures of 
approximately 700°C are required. Lowering the 
primary coolant outlet temperature would allow 
making more robust material and design choices with 
possible advantages in terms of safety, economy and 
technology readiness. Issues to be considered in this 
configuration relate to possible steam ingress into the 
primary system. 

If a customer process requires heat at a 
temperature above 550°C, the primary coolant 
circuit would need to operate at a higher temperature, 
so that an indirect gas cycle is preferred then 
(because steam would cause material issues at these 
temperatures). The IHX acts in that case as the 
barrier for separating the nuclear island from the 
conventional secondary side. The high temperature 
fraction of the energy could be delivered to the 
customer process while the lower temperature 
fraction is directed to a bottoming cycle for steam 
generation with either process steam production or 

electricity generation depending on demand. 
However, doubts are expressed regarding the 
economic viability of adding a heat exchanger for a 
secondary gas cycle, to maximize the usage of the 
primary high temperatures.  

Another, although more costly and less efficient 
option is a direct helium cycle with a Brayton 
topping cycle for electricity generation and a steam 
generator as the bottoming application. In many of 
the considered configurations, there are options to 
tap low temperature heat from different places in the 
secondary, or in case relevant, tertiary system. In all 
cases, leakage and tritium permeation must be 
minimized.  

 
A review of available cogeneration cycle 

concepts is made, mainly from existing experience 
with fossil fuel fired power plants. This review 
shows that the condensing steam turbine concept is a 
suitable application because it offers a wide range of 
design flexibility and performance specification. 
They are designed so that steam for the thermal load 
is obtained by extraction from one or more 
intermediate stages at the appropriate pressure and 
temperature. The remaining steam is exhausted to the 
pressure of the condenser, which can be as low as 
0.05 bar with a corresponding condensing 
temperature of about 33°C. 

An assessment has also been made of the 
feasibility of coupling an HTR cogeneration system 
with industrial processes by considering the nature of 
industrial heat demand as well as the technical, 
economic and safety requirements. An HTR 
cogeneration plant can support process heat demand 
requiring process steam at temperatures up to 600°C 
(or 550°C as the case may be) considering existing 
or near term technology. However there may be need 
for further studies on a steam generator using helium 
as the hot stream. There seems to be no technical 
impediments to coupling nuclear reactors to 
industrial process applications, although safety-
related studies of coupled systems may still be 
necessary.  

 
Design Schematics and Analysis  

A conceptual cogeneration steam cycle 
configuration was set up. Thermodynamic analysis 
and performance evaluation of the nuclear 
cogeneration system connected to industrial 
processes was carried out following the design 
schematics as shown in figure 2 [7]. 

A system analysis has been carried out of the 
ARCHER HTR reference system coupled to a 
secondary system as defined in the ARCHER case 
study based on a fictive but realistic site using a 
suitable secondary circuit configuration selected out 
of the options studied separately before. Thus, this 
provides an example, using real end user data from 
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an oil refining and petrochemical complex of how an 
HTR could be used in a cogeneration plant. A mass 
and heat balance of the entire system are integrated 
in figure 2. 

 The main conclusions are that a nuclear power 
facility will have to be built close to an important 
industrial complex (thus probably adding difficulty 
to the licensing process). The economic viability of 
an HTR cogeneration project is considered as one of 
the main challenges for the technology in the future. 

 
II.B. South-Africa 

 
South-African Process Heat Application: 
Coal to Liquid Process 

As a typical South-African process heat 
application, a coal to liquid process currently in 
operation in Secunda was taken. The reference HTR 
system defined in the ARCHER project was coupled 
to this plant. In the analysis, a techno-economic 
baseline for an existing coal to liquid process using 
the Aspen Plus chemical modelling software was 
performed to determine mass and energy balances. 
The economic performance of a typical 80,000 
barrels per day synthetic crude oil plant was 
determined from first principles. The techno-
economic baseline model was validated with 
reference to published product output data and 
audited financial results of a coal to liquid plant 
located at Secunda which uses relatively cheap 
available South-African coal to provide the required 
process heat and electricity, as reported for the 2012 
financial year. 

A number of schemes were identified to couple 
the reference HTR plant to the coal to liquid case 
study. Two schemes were studied in detail. For the 
study, two key performance indices were used. 
Firstly, the Internal Rate of Return of a nuclear 
supported coal to liquid plant and secondly the 
reduction in CO2 emissions resulting from the 
introduction of nuclear energy. The case where 
nuclear cogeneration replaced electrical power 
bought from the grid and all the steam currently 
produced by plant’s internal coal fired steam plant, 
revealed the following conclusions. 

The case study plant would need a total of 16 
reference HTRs. The coupling scheme would reduce 
the emission by approximately 1650 ton/hr CO2 
(14.5 million ton/yr) or 50% of the current emissions. 
The economic feasibility challenge in the specific 
South-African situation with cheap coal at hand for 
large scale deployment of nuclear energy in a coal to 
liquid application is to construct such a facility at an 
all-inclusive overnight cost not exceeding 
$3400/kWe. It should be noted that for a 
cogeneration system, a cost indication in $/kWe is 
misleading. One should realize that apart from 

electricity also process heat may be produced which 
changes the interpretation of this figure. 

 
III. KEY INDICATORS AND COMPARISON 

TO MODERN GAS TURBINE PLANT 
 

A key performance indicator assessment is 
performed in which a number of key performance 
indicators are defined as a basis for comparison 
between HTR cogeneration and a reference gas-fired 
cogeneration plant. The purpose is to identify 
pathways towards improved employment of HTRs, 
specifically with respect to the performance when 
being used for cogeneration. The full assessment can 
be found in [8]. This paper summarizes the main 
outcomes. 

 
III.A. Plant Characteristics 

 
The plant characteristics are selected such that 

the CCGT plant and the HTR plant are to a large 
respect very similar, i.e. with respect to the power 
level, the availability, the plant life time, and the 
space requirements. Obviously, differences are found 
in the time to market and the construction duration. 

 
III.B. Environment 

 
The assessment shows that when waste is 

considered, the HTR system produces more 
radioactive waste. With respect to all other forms of 
waste, the HTR produces less or even much less 
waste. Typically, radioactive waste is associated with 
very long lifetimes. This cannot be neglected. 
However, one should realize that some of the 
conventional or chemical waste will never be taken 
out of the environment and will always remain 
dangerous to living creatures. Where to put more 
emphasis is not so much a technical issue, but rather 
a political question. Further quantification with 
regard to the economic parameters associated with 
external costs is also provided and from a technical-
economic point of view a nuclear system would have 
the preference. 

 
III.C. Safety 

 
With respect to safety a comparison based on 

actual facts is hard to achieve as statistics are lacking 
for nuclear, let alone for an HTR. If the HTR system 
will be able to fulfil its promising safety 
characteristics, the HTR system might be a little 
safer than a CCGT which as such is relatively safe 
when compared with many other forms of energy 
generation. A rather different aspect of safety is the 
licensing process. For HTR, the licensing of a plant 
in combination with cogeneration has never been 
shown. Furthermore, much of the licensing expertise 
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and knowledge from the HTRs which have been 
operated has been lost and needs to be retrieved and 
updated in line with current licensing practices. 

 
III.D. Economics 

 
The economic assessment leads to some obvious 

conclusions that nuclear is expensive with respect to 
the construction costs and therefore is very sensitive 
to the interest rate during construction. On the other 
hand the operation and maintenance costs and the 
fuel cycle costs are relatively low. When the energy 
generation costs are considered for plants which only 
produce electricity, one can show that the costs for 
both CCGT and nuclear are comparable at a discount 
rate of around 10%. When lower discount values are 
considered, nuclear becomes more attractive, on the 
other hand, when higher values are considered, 
CCGT becomes more attractive economically. 
Further, it is shown that the energy generation costs 
for an HTR employed with cogeneration in a plug-in 
market will approximately be of the same order of 
magnitude as CCGT. However, the assessment has 
also shown that when the costs are compared to the 
benefits, i.e. the price of the energy (electricity and 
process heat) sold to the market, it becomes clear the 
HTR is only viable when it is employed in 
combination with cogeneration and will not be 
economically attractive as an electricity only 
production facility. It should be noted that this 
situation may vary with respect to the country where 
the HTR system is foreseen. In this assessment, no 
attempt has been made to identify components which 
are critical with respect to their costs in order to 
determine where major cost reductions could be 
achieved. For such an evaluation, a bottom-up cost 
estimating approach would be more suitable. 

 
III.E. Generic Outcome 

 
An attempt has been made to provide an 

objective overview of the different indicators 
important for decision makers. One should realize 
that the decision to construct an HTR or another 
energy generation facility are not only technical, not 
only economical, but are highly influenced by public 
opinion and politics. Therefore, it is impossible to 
draw firm conclusions. However, a generic outcome 
can be summarized as follows: 
• An HTR system can be considered economically 

viable in Europe when it is employed for the 
production of electricity and process heat. 

• A demonstration of an HTR with cogeneration 
will be a very important step, as it will remove 
the current uncertainties associated with 
licensing and time to market. 

• The environmental impact of an HTR is minimal, 
as long as the safety features claimed are true.  

• There seems to be a lower boundary of the 
break-even ratio of process heat and 
electricity price. This means that the price for 
process heat should be at least a certain 
percentage of the price of electricity for a 
coupled system to become profitable. This 
value may vary from case to case. 

 
 

IV. GAP AND SWOT ANALYSIS 
 

IV.A. Gap Analysis 
For the technology gap analysis, the experience 

from the Thorium High Temperature Reactor (THTR) 
[9] was taken as a basis. THTR was built at shared 
site with coal fired power plants and is therefore 
representative of a system which can be used for co-
generating process heat. The outlet temperature of 
the core was relatively low in order to increase the 
lifetime of the steam generator. THTR possessed a 
pre-stressed concrete reactor vessel which is 
different to many other HTR designs. Taking the 
historic THTR gap analysis as a basis, elaborations 
have been made to generalize the conclusions from 
this gap analysis to other HTR designs. In this way, a 
generic HTR technology gap analysis was 
established. The main findings are reported by 
component and reported in table 2. Within this table, 
a number of gaps are underlined. These gaps are 
dealt with within the EU FP7 ARCHER project or its 
predecessors. 
 

IV.B. SWOT Analysis 
As a starting point for the analysis of the 

strengths, weaknesses, opportunities and threats of 
HTR deployment in Europe, the publication of 
Bredimas et al. [10] is taken. They explain that a 
SWOT analysis is a prerequisite to deploy a 
technology. Strengths and weaknesses relate to 
intrinsic features of a specific technology while 
opportunities and threats look at the general context. 
Any innovative technology that goes beyond a 
business as usual level significantly impacts the 
activities of the stakeholders, e.g. in the case of HTR 
regulators, operators and the process heat users. 
Evaluating the positive and negative impacts in a 
complex environment like energy including all 
stakeholders like process heat users, vendors, 
utilities and the public at large is a complex task. In 
table 3, the main components of the SWOT analysis 
are identified. 
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Table 2: Technology gap analysis 
Component Technology Gap 
Reactor vessel No gaps 
Steam 
generator & 
heat 
exchangers 

-Graphite dust deposition leading to heat 
transfer degradation 
-Steam generator inspection 
-Tube sheet design and behavior 

Core structure -Qualification of new graphite 
- Minimization of bypass flows 

Blowers -Bearings 
  - Magnetic vs. oil lubrication 
-Orientation 
  -Horizontal vs. vertical 

Fuel handling 
system 

-Recycling vs. once through where once 
through is less complex but leads to 
inhomogenization of the core 
-Performance at elevated pressures, 
temperatures, and burn-ups 

Reactivity 
control system 

-Diverse shutdown systems 
-Testing and qualification of in-core control 
rods (if needed) 

Helium 
purification 
system 

-Review and possible update to current 
regulatory standards 

Core design -Development of an integral HTR modelling 
package 
-Validation 

Graphite dust -Fuel element performance 
-Filters 
-Effect of flushing 
-Development of a separation concept 
minimizing contamination 
-Development of simulation models for 
formation, activation, transport, deposition, 
and remobilization 
-Possible prevention of dust formation 

Air & water 
ingress 

-Development of simulation tools and their 
validation 

Hot gas duct -No gaps for THTR design 
-Possible thermal stratification loads 

Regulatory 
framework 

-Collection and analysis of regulatory 
requirements and industrial standards for a 
European HTR today 

Economical 
aspects 

-Economics of scale with respect to 
investment costs 
-Design optimization with respect to 
economic aspects (e.g. integral system 
design vs. separate vessels for core and heat 
exchanger/steam generator) 

Supply chain -Re-establishment of the (European) supply 
chain 

 
 
In a next step, the SWOT matrix is analyzed with the 
purpose of identifying which weaknesses and threats 
can be answered by which strengths and 
opportunities. As an example: the effect of the  threat 
that co-location with industrial sites will complicate 
the licensing process is countered by the strength 
showing the robust passive safety features of an HTR. 
 
 
 
 
Table 3: SWOT matrix of HTR deployment in 
Europe 

Strenghts Weaknesses 
-Robust passive safety features 
-Proven experience 
-Fuel economy 
-Waste stability 
-Modularization potential 
-High efficiency 
-Low carbon source of energy 
-Reliability of heat supply 
(with multiple small modular 
units) 

-Existing knowledge and 
experience with mostly retired 
experts 
-Requalification of fuel, 
materials and components 
needed 
-Need to re-establish an 
industrial basis 
-High relative construction 
cost 

-Large potential heat market 
-Volatility of prices for natural 
resources 
-CO2 emission reduction 
policies 
-European nuclear industry 
-Potential for cogeneration 

-Unstable public and political 
support 
-Existing reference 
technologies 
-Economic uncertainties for 
end-users 
-Process heat users do not 
want to become nuclear 
operators 
-Restrictive nuclear policies 
-Co-location with industrial 
sites complicates licensing 
-Competition with other 
resources promoted by EU 
incentive mechanisms (natural 
gas, shale gas, carbon capture 
and storage, concentrated solar 
power) 

Opportunities Threats 
 
 

V. INTEGRATION OF ANALYSIS TOOLS 
 
In order to enable technical system analysis of a 

nuclear cogeneration system, a multitude of 
computer codes will be needed. Therefore, as a first 
step, a code inventory is established of codes being 
used in Europe and South Africa. In a second step, 
the requirements for integration, development and 
qualification of such codes are assessed. 

In order to establish a code inventory, a survey 
was sent to the ARCHER partners to collect data 
about the codes being used. Apart from the code 
name, a multitude of additional was gathered, like 

• Initial Purpose (LWR, FBR, HTR) 
• General Features  
• Code development needs (for HTR) 
• Limitations 
• Key contact person  
• Couplings  
• Validation state 
• References 
• Start year of development  
• Programming language and compiler  
• Operating systems (Windows, Linux…) 
• Input/Output structure (ASCII, Binary,…) 
 
Table 4 provides an overview of the codes 

evaluated during the survey. This code collection 
contains internationally developed codes used by the 
ARCHER partners.  
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Table 4: Overview of HTR system codes used by 
ARCHER partners in Europe and South-Africa 
ACCORD DYN3D MELCOR SIM-ADS TRAC/AAA 

ASTEC-V2 FLOWNET MGT SPECTRA TRAC-M 

ATHLET FPRC MGT-3D STACY VSOP 

CATHARE FRESCO- 
PANAMA PANTHERMIX TAC-NC WIMS 

CONTAIN GAMMA RELAP5-3D THYDE-HTGR ZIRKUS 

CRYSTAL GOTHIC RELAP5 
/MOD3.2 & 3.3 TINTE  

DORT-TD 
/THERMIX
-DIREKT 

MANTA 
SCDAP 
/RELAP 

/ATHENA 

TORT-TD 
/ATTICA3D  

 
Many codes in the field of reactor physics share a 

long development history with origins that date back 
to the 60s of the last century. Due to the limitations 
of computer science at that time (e.g. memory) only 
parts of the actual model could be simulated at the 
same time. Input data sets were stored on punch 
cards, intermediate and final results were stored on 
magnetic tapes. Later, these punch cards were 
translated into fixed and free form input cards. These 
inputs are basically text based (ASCII) input files. 
The heterogeneous infrastructure of computer codes 
has led to some major limitations and drawbacks 
with respect to functionality and flexibility. The 
purely procedural structure of the codes which has 
evolved over the last decades does not meet the 
requirements of a modular and future proof code 
system. While different codes are needed to solve the 
different aspect of the system behavior, these codes 
share for a large part their input. With the current 
practice, this input has to be provided to each code 
separately. On the other end, the results of one code 
serve as input for a next code, while the in- and 
output file formats do not necessarily match. This 
induces many problems in the calculation of total 
system behavior. This problem is aggravated when 
different codes are maintained by separate groups 
where people have very limited knowledge about the 
capabilities and restrictions of other codes in use. In 
addition the lack of modern code development tools 
like version management, automated documentation, 
systematic unit and regression testing, and coding 
conventions for all developers leads to a huge loss of 
knowledge (input models) and code fragmentation. 

In order to arrive at a European HTR simulation 
platform, an effort is made to identify the 
requirements for code integration and development. 
Apart from an elaboration of how this may be 
achieved and which codes could be included, 
recommendations are provided on:  

- the design of the codes 
- how to deal with legacy codes 
- how to deal with code version management 
- how to agree on conventions, e.g. which unit 

system to use in all the codes 
- on how the documentation of codes should be 

structured and provided 
- on how to achieve an integrated development 

environment. 
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Figure 1: The Europairs roadmap, with the essential step of demonstration highlighted. 
 

 
 
Figure 2: Design schematics used in the analysis 
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