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An educational tool to optimize the consumption of primary
energy in thermal-based distributed energy systems

Abstract: The use of highly energy-efficient technologies is an important tool to tackle today’s
energy and environmental challenges. The importance of these technologies creates a need to
focus on the development of energy courses as part of the engineering curriculum. In such
energy-related courses, user-friendly applications such as MS Excel can be used to enhance
educational goals like the assessment of the energy consumption of these energy-efficient
technologies. This research paper presents the MS Excel-based tool developed to minimize the
consumption of fossil fuel-based primary energy of a Distributed Energy (DE) system, which
includes base Combined Heat and Power (CHP), Thermal Energy Storage (TES), and a boiler.
Moreover, an educational component comprises the utilization of a MS Excel tool to help
students estimate the system’s minimum primary energy consumption. Results show that the
combined use of base CHP and TES in a DE system can lead to a considerable decrease in
primary energy consumption. The accessibility and familiarity of many students and companies
with MS Excel can be an impactful educational tool for assessing the development of DE
systems.

Introduction and Background

The use of highly energy-efficient technologies is an important tool to tackle today’s energy and
environmental challenges. The importance of these technologies creates a need to focus on the
development of energy courses as part of the engineering curriculum. Engineering learning
methods and technology are constantly evolving [1] but the industry is still using traditional
methods such as MS Office due to its widespread use, easiness, and low cost [2], [3], [4].
Therefore, in energy-related courses, an educational tool based on applications such as MS Excel
is useful in the transitional period between pen and paper and more advanced and costly software
applications. Moreover, accessible applications can be used to enhance educational goals like the
assessment of the energy consumption of these energy-efficient technologies.

To address the use of accessible applications in the learning of energy-efficient technologies, this
paper describes a Combined Heat and Power (CHP) based Distributed Energy (DE) system
deployed to increase energy efficiency. When properly designed, a DE system can minimize
primary energy use, decrease greenhouse gas emissions, and improve the resiliency of the
electrical energy supply. The method is based on a developed optimization technique used to
minimize the consumption of fossil fuel-based primary energy of a DE system, which includes
base CHP, Thermal Energy Storage (TES), boiler, and electricity from the grid when necessary

[5].

There are tools in the market that can make similar assessments as the developed tool, therefore
it is important to understand these available tools and the reason why a new tool is developed.
Several tools have been developed to evaluate the feasibility of CHP [6], [7]. Moreover, tools
also have been developed to choose the optimal combination of technologies of DE systems [§],
[9]. Some of these tools are freely accessible [6], [7] while others are proprietary software only
commercially available [8], [9]. These different tools are distinguished for using simulation and



optimization methods, being that optimization tools focus on technology and/or economic
factors. Table 1 presents the characteristics of these DE systems assessment tools.

Table 1- DE systems assessment tools

LEARNING/INPUT
TOOL AVAILABILITY TIME CHP MICROGRIDS TES
BCHP ' Free Lengthy Yes No No
RETSCREEN | Free Lengthy Yes Yes No
HOMER Commercial Reasonable Yes Yes No
DER-CAM ‘ Commercial Lengthy Yes Yes Yes

Table 1 shows that from the tools available, only the DER-CAM can address all the components
of the proposed system. The main goal of DER-CAM is the microgrid economic prioritization
[10]. A reported limitation of DER-CAM is the use of sensible heat storage (water) for TES
modeling [11]. In terms of usability, users need to insert an extensive set of key inputs leading to
the task becoming tedious. Also, as the tool has its own software development, users can expect
a substantial learning curve. Moreover, to use DER-CAM a paid license is required which can be
an obstacle for educational institutions to use it. A common limitation of all the tools is that they
either lack or limit the thermal storage, which is an important component of the tool presented in
this paper. Moreover, the tools are either difficult to learn or present tedious tasks for data input
and can be expensive to acquire. Therefore, considering educational settings, this paper presents
a MS Excel-based optimization tool with the capacity of simple data import.

The tool presented in this paper can be used as a module of a 3-credit course, such as Energy
Storage [12], Combined Heat and Power [13], or Distributed Energy Systems [14]. Moreover,
the tool can be used as part of a project which can be used for the course assessment.

Method

System design. The system used in this paper is a CHP-based DE system to supply the thermal
demand (qp) and the electrical demand (ep ) to the campus. The theoretical design system is
based on several technologies, such as CHP with TES, additional thermal energy provided by an
on-site boiler and additional electricity provided from the central electric grid. The system
detailed in Figure 1 is composed of a site-based CHP gas combustion turbine that can supply
both thermal (g.yp) and electrical (eqyp) energy; a site TES system - also known as a steam
accumulator - that receives thermal energy from the CHP system (qcyp Tgs) and can supply the
thermal demand (qrgs p); an industrial boiler at the site that can supply additional site thermal
energy (qp); and an off-site electrical power plant that can supply electrical energy (epp) via the
central grid transmission and distribution (GTD) system.
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Figure 1 — CHP-based DE system design

Input data. The input data used is the University Campus thermal and electrical data for the full
year of 2015 [5]. The campus is located in a humid continental climate zone [15], which is
characterized by significant differences in seasonal temperature, with warm to hot humid
summers and cold winters. The input thermal and electrical data represent hourly values, and all
these data values were converted to MW for consistency of comparison. Figure 2 provides an
overview of the overall thermal demand for every hour during the year and Figure 3 shows the
overall electrical demand. The first hour in both figures represents, respectively, the thermal and
electrical demand for the first hour of the year. Figure 2 thus shows that the thermal demand is
substantially higher during the Winter season than during the Summer due to the heating loads.
This pattern is reversed for the electrical demand in Figure 3 due to the cooling loads.

160 Hourly Thermal Demand (MW) 160 Hourly Electrical Demand (MW)
120 120
80 80
40 40
0 0

1 hour 8760 1 hour 8760
Figure 2 - Campus hourly thermal demand, MW Figure 3 — Campus hourly electrical demand, MW



Table 2 below shows other important input values. These values represent the efficiency of the
energy generation equipment, being ncup the efficiency of the CHP system, Acup the thermal-to-
electric ratio, ns the efficiency of the boiler, ngro the efficiency of the power plant, which
includes generation, transmission, and distribution. The values on the table are constant
throughout the assessment. Nonetheless, these values can be modified for other assessments.

Table 2 - Input values for energy generation equipment.

EQUIPMENT MEASURE VALUE
TCHP 42%
cHP AcHp 1.5
BOILER - 80%
POWER PLANT NGTD 339,
STEAM STORAGE Capacity 63.63 MWh

MS Excel tool. This tool was developed based on an optimization study on which the goal was to
find the minimum overall fossil fuel consumption for the system composed of CHP equipment,
TES, boiler, and the central electrical power plant presented in the previous section [5]. The
mathematical optimization was developed using the MS Excel solver with a Generalized
Reduced Gradient (GRG) non-linear technique or a constrained nonlinear optimization. Some
studies used other methods such as MILP, but the objective is to facilitate the process using an
accessible and widely used software such as MS Excel [16] with a thermal demand-driven CHP
configuration focus [5].

The GRG method consists of analyzing how the gradient of the objective function changes with
changes in the decision variables and, when the partial derivatives equal zero, assumes that the
optimal solution is achieved [17]. This method is fast compared with other nonlinear methods.
Nonetheless, GRG typically can only find a locally optimal solution to a nonlinear, non-convex
problem. In optimization, an optimal local solution is the best solution found while searching for
a neighboring solution set. On the other hand, a globally optimal solution is the best solution
found considering every possible solution. So, when using the GRG method, several initial
conditions should be tested to determine the best optimal solution, which might be a local
optimum instead of the global optimum. Moreover, the function needs to be continuous because
if the function is discrete, the solver will likely not achieve an optimal solution [18]. In [5], a
sensitivity analysis is presented, where multiple initial conditions are tested to ensure that the
best optimal solution is achieved.

The tool presents several tabs, some are informative only, while others need some user input.
The main three tabs are the diagram of the system, the data tab, and the assessment tab:
1) The diagram of the system presented in Figure 4 is based on the theoretical design system
described in the previous section.
2) The data tab presented in Figure 5 is where the user can insert hourly data for thermal
energy, in klb of steam, and electricity, in kW. The tool will convert the inserted values
into MW.



Home Insert Page Layout Formulas Data Review View Developer Help Acrobat Q Tell me & Sha

c D | E | F | G H 1L | J | K | L | M N | o | P

5 Minimize F

| F, Cpp
PP

—*| Power Plant 7R

NG 7

CHP
Gas Combustion Turbine

7 Fenp — Ncup "

Electricity Copp

Exhaust
y Gases

SNdINVD

19 ene Acup p

Qenp TES

] Fy Boiler s
28 | B

» l Intructions DE System _| Data ‘ TES | CHP | Weeks ‘ M. ® [« ] I[»]
Figure 4 — CHP-based DE system design included in the tool
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1 Date Time Electricity (kW) Steam (klib)

2| 11 100 19,083.42 227.08

3 11 2:00 19,110.50 224.23
4 11 300 19,003.05 217.34

5 | 11 400 19,016.65 229.66

6 | 11 500 18,863.29 228.11

7 11 600 19,100.64 230.03
8| 11 7:00 19,440.10 235.34
9| 11 800 20,757.93 257.17
10 11 9:00 20,731.72 244.87
1] 11 10:00 20,523.09 236.36
12 /1 11:00 20,823.24 219.77}
13 11 1200 20,668.90 204.25
14 11 13:00 20,574.42 198.31
15| 11 14:00 20,869.69 193.70
16| 11 15:00 20,946.12 188.61
17 11 16:00 21,2235 234.13
18] 11 17:00 23,624. 272.74
19 11 18:00 24,426.28 255.00
20| 11 19:00 24,523.71 238.02
21 /1 20:00 23,990.65 220.05
22| 11 21:00 23,667.24 223.64
23| 11 2200 23,287.50 21151

» | intructions | DE System || SBESSMEAR Data | TES | CHP | weeks | Mc.. ® : [ | C

Figure 5 — Data input tab for the CHP-based DE system optimization tool



3) The

assessment tab presented in Figure 6 shows the data to be chosen — cells highlighted

in blue - as well as the output of the assessment. The process to assess the minimum
primary energy is the following:

a.
b.

The “Insert data” cell will lead to the data tab presented in Figure 5;

To choose the CHP system, a drop-down menu allows the user to choose between
five systems with specified values on the table depicted on the right side. The
variables chosen are the thermal efficiency of the CHP system (N Thermal cup), the
thermal-to-electric ratio of the system (Acup), and the steam output of the CHP gas
turbine system in MW;

The boiler needs an efficiency input (ns);

The electricity from the grid needs the generation, transmission, and distribution
efficiency (nGrp);

The TES needs the input for the steam pressure that can be created by the CHP
system (Pressure), the pressure needed to supply the site thermal demand (Design
pressure), and the dimensions (length and diameter) of the storage tank;

The user needs to choose a period of time during which the CHP energy production is
fixed, by year, season, month, or week. Clicking in this drop-down menu and
choosing a period will make the optimization run;

When the calculation is over, the output cells present the results as the minimum
overall primary energy, the minimum primary energy allocated to the thermal energy,
and the minimum primary energy allocated to the electrical energy.
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Results

Optimization output. For this optimization, constraints need to be formulated to represent the
limitations of the system. The results presented in Figure 7 represent a scenario with two
constraints. The first constraint where TES has a maximum value of 63 MW, and the second
constraint where the CHP system is turned off when the thermal demand is below 5.76 MW. It
assumes that the amount of CHP thermal energy produced is fixed during certain time periods, as
it is not feasible to change the amount of CHP produced every hour. Four different cases are
considered during which the CHP production is fixed: 1 year, 4 seasons, 12 months, 53 weeks.
This means the CHP thermal energy produced is: a) the same for one full year, b) it is fixed
during each season, only changing four times in one year, c) it is fixed during each month,
changing 12 times in one year, and d) it is fixed during each week, changing 53 times in one
year.

Optimization results - 2 constraints:
TES,, =63 MW & CHP <5.76 MW Off
1,180 1,171
1,160
1,140 1,127
1,120 1,109
1,100 1,090
1,080
1,060
1,040

min F (GWh)

1 year 4 seasons 12 months 53 weeks

Figure 7 — Optimization scenario with 2 constraints:
Maximum TES = 63 MW and CHP < 5.76 MW is Off, for CHP output fixed time periods

Reasonableness assessment. To assess the reasonableness of the results a primary energy dataset
was used. For the same campus, the primary energy consumed for the same year 2015 was 1,206
GWh, which included 515 GWh of fossil fuels and an electricity primary energy consumption
equivalent of 690 GWh. Figure 8 shows that when the CHP system produces the same amount of
energy for each hour of the year, it results in a 3% decrease in primary energy consumption
compared to this real case. The decreases are even more substantial for the 4 seasons case (7%),
the 12 months case (9%), and the 53 weeks case (11%). This shows that the proposed method
can consistently lead to lower primary energy consumption than the method used in practice.



Reasonableness assessment:
optimization results vs. primary energy dataset
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Figure 8 — Reasonableness assessment of the results of the optimization scenario with 2
constraints: Maximum TES = 63 MW and CHP < 5.76 MW is Off, for CHP output fixed time
periods, using a primary energy dataset

Discussion

This paper presents an easily-accessible MS Excel tool that can optimize the selection of
previously described energy systems to minimize primary energy. This tool is developed to be
used as a module of a 3-credit energy course or as part of a project which can be used for course
assessment. The instructor can develop a project based on the proposed design. To use this tool
as is, the students need to be familiar with MS Excel but not proficient. The students will need to
use basic functions such as insert data in cells, choose from drop-down menus, and click buttons,
as explained next. First, students will need to insert the hourly thermal and electrical data
demand. Second, the students can vary the input variables embedded in the tool, such as, the
CHP system used, adjust the efficiency of the boiler, the efficiency of the electrical system, and
the capacity of the TES. Finally, the students can choose the period time to vary the CHP steam
output and run the tool resulting in the optimized value. The tool will assess the minimum
amount of natural gas that the chosen equipment will need for the inserted data. After using this
tool, the students will learn what variables are used and its importance, the sensitivity of the
model, and overall, they will assess how much energy can be saved under the chosen conditions.

The advantages of the developed tool are that it is convenient, robust, and widely available for
students. First, the convenience is shown by being user-friendly, presenting clear input fields for
data and equipment, allowing users to explore different scenarios and equipment setups quickly,
and providing clear directions on potential energy savings when testing out different equipment
setups. Second, despite not using a complicated algorithm, results are robust as confirmed by
testing a variety of starting values leading to similar results most of the time. Third, educational
settings, such as higher education institutions, have easy access to MS Excel due to its
widespread use, easiness, and low cost, so the tool can be easily accessed by students at all
institutions.



Future work

Nonetheless, the tool has yet to be tested in the classroom. Therefore, suggestions for future
work include pilot testing in an energy-based engineering course to validate the tool in a
classroom setting. For this validation, students’ surveys and assessments are suggested, as well
as instructor feedback. The student survey can present questions such as ease of use,
comprehension level, and learning outcomes. The instructor’s feedback can incorporate
suggestions for improvement based on classroom observations and assessment outcomes. Based
on the results of this educational validation, adjustments to the tool can be made.

On the other hand, to validate the technical component of the tool, an idea for future
development is to change the components or the settings of the system, as the tool currently uses
a set of pre-established configurations. For example, increase the complexity of the system by
adding electrical storage to the tool, or program the tool to obtain an outcome of the CO2
emissions or total cost. Nonetheless, the students need to have a more advance understanding of
MS Excel to make these changes. These changes can be part of the classroom component in
which students can explore different settings and scenarios, according to their chosen system
configuration. Another suggestion for future validation, as the method used a single set of data, is
to use other data sets of other campus facilities with similar characteristics.

Conclusions

In days where energy technology is developed at an incredible pace, the need to create
knowledgeable and adaptable professionals can have a great impact on the future of this World.
The role of Higher Education, and specifically Engineering, has a huge impact on the
development of the referred professionals. However, the methods used in the classroom are often
difficult to access and use, and students spend more time learning new software than learning the
course objectives. The MS Excel-based tool presented in this paper, due to its accessibility and
relatively short learning curve, can help students to learn how to do energy assessments by
focusing on the content of the course. Access to this tool can be requested by contacting Joana
Marques Melo to the following email optimizpe.mmelo@gmail.com.
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