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Abstract

The article describes a student project of installing a micropower generation system utilizing energy
from the water drained from underground coalmines. The paper contains a description of the site which
is a manmade phenomenon from the anthracite mining era. The project described in the article was
completed as part of the project-based learning curriculum. Students had the opportunity to work on
a team and apply theoretical knowledge learned in individual courses as part of the engineering cur-
riculum. The article also focuses on the calculation of the potential power capacity to a proposed hy-
dropower generation system. The proposed micro-hydro system is harvesting the potential and kinetic
energy of the water discharged from the water-draining tunnel. A commercially available micro-hydro
turbine combined with an electric power generator was adapted for this purpose. The article also in-
cludes an analysis of the profitability of the project and the time of return on investment. The calcula-
tions are based on the current price of electricity (2021), depreciation schedule and present tax incen-
tives (2021) to generate electricity from renewable sources. The article also includes some lessons

learned from the project as well as the recommendations for future projects.

DOI: 10.30657/pea.2022.28.21

1. Introduction

The project site is located in Northeastern Pennsylvania
(NEPA) which used to be a very prosperous anthracite coal-
mining region. The site is known as the Jeddo Tunnel. Coal-
mining in the area started around 1850. The water was a major
obstacle of the coalmining process. Using the ground config-
uration of the land, a tunnel (8 km long) was proposed to drain
the water from the coalmines using the principle of gravity.
[Executive Summary; International Correspondence School,
1907] It took three years (1891-1894) to construct the tunnel
(Environmental Protection Agency). The cost to build the tun-
nel was $1M with two hundred fifty workers employed during
the construction of the tunnel. During the construction of the
tunnel. One hundred seventy tons of dynamite were used. The
construction of the tunnel was listed as one of the major engi-
neering accomplishments in the 19th century (Dorbin, 2021).
The Jeddo Tunnel is draining underground water from a coal
basin (85 km?) (Report of the Department of Mines of Penn-
sylvania, 1901). The average underground water drained at the
Jeddo Tunnel site is 150,000 liters/minute. The tunnel is drain-
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ing underground water from beneath thirteen small municipal-
ities. The anthracite coalmining industry ended in the 1950’s.
There is still strip-mining on a limited basis. The Jeddo Tunnel
is one of the post-industrial sites which does not have any sig-
nificance and has become more of a liability than asset. The
Jeddo Tunnel is draining to the Black Creek which created
some pollution in the local watershed. The water discharged
from the Jeddo Tunnel includes zinc, iron, aluminum and
manganese as well as sulfite and chloride. The contamination
of the water in the thirteen municipalities is being analyzed
and discussed by environmental groups. (Mendinsky and
Dempsey, 2004). Over the years the contamination levels
seem to be decreasing. The water discharged from the Jeddo
Tunnel carries a significant amount of potential and kinetic
energy. A few local investors have expressed interest in in-
stalling a micropower generation system harvesting the energy
of the water discharged from the Jeddo Tunnel. The analysis
of the feasibility of the micropower generation system project
was done by a team of engineering students from the Pennsyl-
vania State University-Hazleton Campus.
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2. Aims of the Project and Literature Review

The aim of the project is to nurture an innovative personality
in every student. The experimental project described in the pa-
per is focused on engineering and business students. The ob-
jective of this research project was to prepare engineering and
business students to take the initiative to pursue innovative
ideas, so that they will be better prepared to enter the job mar-
ket in the knowledge-based economy. An analysis of the liter-
ature emphasizes the important of this approach (Grebski and
Grebski, 2016; Grebski and Grebski, 2018; Grebski and
Grebski, 2019). The project was completed in cooperation
with the Business Incubator Center located in Valmont Indus-
trial Park (Hazleton, PA). The literature review emphasizes
the importance of cooperation of a university and business in-
cubator center (Wolniak et al., 2019). The project described in
the article was completed as part of the project- based curric-
ulum. Often students in the Engineering program take a vari-
ety of courses, but they have a problem cross-referencing the
knowledge between the courses. Each individual course is be-
ing viewed by the students as a disjointed piece of the puzzle
(Barron et al., 1998). Without seeing the big picture, the indi-
vidual pieces of the puzzle do not make sense. The project in-
corporated into the curriculum allows the students to see the
big picture (Blumenfeld et al., 1991; Han et al., 2015). Stu-
dents are involved in using knowledge gained in statics, dy-
namics, strength of materials, machine design, tool design and
manufacturing processes (Mielikainen, 2022). Students start
the project from developing a list of analysis, calculations and
other tasks necessary to complete the project (Saad and Zai-
nudin, 2022). The project also includes the process of protect-
ing intellectual property. The literature analysis also empha-
sizes the importance of that topic (Grebski and Wolniak 2018;
Ulewicz and Sethanan, 2021). The concept can be expanded
to students from other majors. Micro- hydropower systems are
a very desirable method of generating renewable energy. The
literature analysis supports that statement (Anderson et al.,
2014; Kougias et al., 2019; Ergile et.al, 2020; Uddin et al.,
2019). The capstone design project is a component of the pro-
ject-driven curriculum. The project is linked to two senior-
level courses (ENGR 490W-Fall Semester and ENGR 491W-
Spring Semester). The topics for the annual capstone design
projects are usually supplied by the Pennsylvania Technical
Assistance Program (PennTAP). PennTAP is a state-spon-
sored agency with the objective of helping new and existing
companies for the purpose of economic development of the
state. New and existing companies needing technical support
are contacting PennTAP for assistance. PennTAP maintains
contact with local universities and attempts to find the exper-
tise which is needed to solve the technical problems. All the
services provided by PennTAP to new and existing companies
are free of charge. The procedure for initiating and conducting
the micro-hydro project (as well as other projects) is shown in
Fig. 1.

The individual blocks in Fig. 1 are as follows:

1. Defining the problem takes place in the summer months
each year. There are a couple of meetings between
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a PennTAP representative, engineering faculty and sen-
ior-level engineering students. The prospective clients are
also invited to participate to describe the need and prob-
lem to be solved. As a part of the PBL project, the clients
are usually small start-up companies with some of them
in the incubation stage. There are exceptions and some
projects are done for well-established companies. The en-
gineering faculty member who will potentially supervise
the project is making a judgement related to accepting the
project as a part of PBL. The prospective client needs to
designate someone from the company to cooperate with
the students and provide the assistance in gathering the
information and the data needed to conduct the project.
The PennTAP representative is also invited as an ongoing
liaison between the client and the university. The prospec-
tive client is required to sign a liability release form, The
university faculty or the students are not liable for any po-
tential legal issues or financial losses resulting from the
project. There is no financial compensation to the univer-
sity faculty or the students as a result of a PBL project.
(This is a part of ENGR 490W course.)
After the project is accepted as a PBL project, a student
team is formed. This student team studies the feasibility
and methodology for completing the project. Students
meet twice a week with the faculty member supervising
the project and the representative of the client. The
PennTAP representative attends some of the meetings.
The student team is conducting an onsite inspection if the
scope of the project requires that. All the meetings are
conducted in a democratized culture and psychological
safety. The decisions are made based on the team consent.
The engineering faculty member sets the tone in assessing
the merit. The client’s representative is bringing to the
forefront the company’s expectations. (This is a part of
ENGR 490W course.)
Requirements and restraints are formulated based on the
following:
Client’s expectations
Client’s restraints
Environmental safety
Energy efficiency

e  Sustainability
The client’s company takes the lead in formulating ex-
pectations and restraints. (This is a part of ENGR 490W
course.)
Brainstorming to generate multiple solutions takes place
at the end of the Fall semester in the ENGR 490W course.
This is a well-organized session with an opportunity for
everybody to purpose at least one solution.
Evaluation of the different concepts takes place at the be-
ginning of the Spring semester in the ENGR 491W class.
Many different factors are considered and carefully
weighted. The representative of the client’s company is
playing an important role in this step. The Engineering
faculty oversees this process.
Building and testing of the prototype varies significantly
based on the scope of the project. The client’s company
normally covers the expenses associated with building the
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prototype. The client’s company also actively participates
in testing the prototype and collecting the data. The team
of students as well as the Engineering faculty participate
in testing and collecting the data. This part as well as all
the remaining parts of the project are done in ENGR
491W class. The student team including the faculty and
representative of the client’s company still meet twice
a week to discuss the progress and adjust the plans.

8. If the prototype complies with all the requirements and
the client company is fully satisfied, then the process
transfers to the last stage (11).

9. If the prototype does not fully satisfy the requirements,
the entire process goes back to stage 10 of making
changes into the design. The client company is making
the final decision on this.

10. If making changes into the design are required the PBL
project is being continued by another team of Students
next year. This is due to the limited Amount of time (15
weeks each semester).

11. Atthe end of the Spring semester, students are submitting
a written report with all technical documentation. They
are also doing an oral presentation in the front of the In-
dustrial Advisory Committee.

The faculty member teaching PBL courses (ENGR 490W
and ENGR 491W) assesses each student in the entire team.
A student’s grade in the class is affected by the student’s con-
tribution, quality of technical written report as well as the
quality of the oral presentation. Students are being assessed
based on their contribution to the project. Students are not be-
ing assessed based on the success or failure of the project. Fail-
ure is a part of the innovative process. PBL projects tolerate
failures and celebrates successes.

1. Define problem to be solved
O

2. Research methodology to complete
the project

| 3. Specify requirements and restraints |

| 4. Brainstorm to generate solutions |

c
R
)
()]
©
2
C
A% 8@
Z oD
5. Evaluate different concepts, & = o
and choose solution 52
=]
| 6. Create a prototype | | é
o
| 7. Test the prototype | & ~
O O ity

8. Prototype satisfies
requirements

U

11. Preper a written report |

9. The prototype does not
satisfy the requirements

Fig. 1. Sequence of the activities of the capstone design project
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3. Evaluation of the Site from the Energy
Productivity Perspective

Evaluating the site from the perspective of harvesting the
energy from the water is a very important component of this
project. The water coming from the Jeddo Tunnel carries
a combination of potential energy and kinetic energy. The
power of the water being discharged from the tunnel can be
determined by calculating the total energy (potential and ki-
netic) of the water during 1 second interval. Students were ap-
plying the body of knowledge learned in college-level physics
courses as well as statics, dynamics and fluid mechanics. Then
students are able to gain and practice the ability to transfer
knowledge from one course to another.

a. Potential Energy of the Water

The potential energy of the water being discharged from the
Jeddo Tunnel is a product of the weight of the water, W, (dis-
charged from the tunnel) multiplied by the elevation, h, be-
tween the tunnel and the hydro-turbine as shown in Fig. 2.

Fig. 2. Schematic drawing of a micro-hydro electric power genera-
tion system

It has been determined experimentally that the amount of
water discharged in 1 second is 2500 liters. Assuming 1 liter
of water has a mass of 1 kilogram, kg, the weight of the water
discharged in 1 second is approximately 24525 newtons, N.

W = 24525N

The elevation, h, between the point of water discharge and the
position of the potential water turbine is approximately 3 me-
ters (3m).

h=3m

The amount of the potential energy, PE, carried by the water
in 1 second interval can be calculated as follows:

PE=W-h @)
Substituting the numerical values, the potential energy (PE) in
joules, J, is calculated as:
PE =24525N - 3m = 735751

b. Kinetic Energy of the Water
The kinetic energy of the water during 1 second interval can
be calculated from the following equation.

KE = mV?2/2 @)
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Where,

m — corresponds to the mass of water discharged from the tun-
nel in 1 second interval (m = 2500 kg)

V — velocity of the water discharged from the Jeddo Tunnel
(It was determined that the velocity of the water is 2.5m/sec.)
Substituting the numerical values, the kinetic energy, KE, cor-
responding to 1 second interval can be calculated.

KE = 2500kg - (2.5m/sec)?/ 2
KE =781251

c. Total Energy of the Water
The total energy of the water (in 1 second intervals) dis-
charged from the Jeddo Tunnel is

E=PE+KE (3)
Substituting the numerical values,

E =73575] + 781251
E=81387.51J

d. Power

The power to be harvested from the water discharged from
the Jeddo Tunnel is equal to the amount of energy correspond-
ing to 1 second interval.

P=Eht (4)

It is already assumed that t is equal to 1 second while calculat-
ing the total energy of the water (potential and kinetic). Sub-
stituting the numerical values into the equation for power, the
following is derived.

P =81387.5J/1sec
P =81387.5 W = 81.38kW

Assuming the efficient of the micro-hydro system to be 80%
(80% of the energy will be utilized), the potential output
power in the form of electric energy is estimated to be

Pe=81.38kW - 0.8 = 65kW

4. Results and discussion

The micro-hydro system containing the water turbine and
electric power generator are commercially available. The se-
lection of commercially available water turbines and electric
generators was conducted based on selected product criteria
and consumer expectations. The following steps were follo-
wed in this procedure.

1. Determining the quantifiable (measurable) product crite-
ria based on brainstorming and reviewing product speci-
fications. The following criteria have been selected.

C1. Power capacity of the turbine and generator
C2. Cost of the turbine and generator

C3. Cost of installation

C4. Reliability and lifespan

C5. Cost to overhaul

C6. Availability of spare parts

C7. Vibration and noise level

2. Specifying consumer expectations using the Likert Scale
(Siwiec and Pacana, 2021)
1) Practically unimportant criterion
2) Not important criterion
3) Important criterion
4) Very important criterion
5) Most important criterion
3. Determining the weights of the criteria.
(The weights of the criteria were determined using
the Likert Scale as well as the fuzzy Saaty Scale (Ta-
ble 1).

Table 1. Weights of criteria assessments (Siwiec and Pacana, 2021)

Assessment of Assessment in Fuzzy Saaty As-
Importance the Likert Scale sessment Scale
Practically unim- 1 1,1,1
portant
Not important 2 15,2,25
Important 3 25,2,35
Very important 4 3.5,4,45
Most important 5 45,555

After processing the assessments, it is necessary to de-
velop a combined fuzzy decision matrix as shown in formula
below (Ulewicz, et al., 2021).

fij:(aij:bijﬁcij) 5)
. 1
a;j = mkm{af‘j}, bij =~ Ko bl cij = ml?x{cikj} (6)

where:

a — fuzzy rating, left

b — fuzzy middle rating

¢ — fuzzy rating on the right
K — customer
i,j=1,2,...,n

Then, it is necessary to follow the FAHP method, as is
shown in the literature on the subject (Oguztimur, 2011;
Ozdemir et al., 2018; Shukla et al., 2014; Ulewicz et al.2021).
4. Selection of the criteria.

(The importance of the selected criteria is shown in Table
2).

Table 2. Importance of individual criteria

Criteria Mark a b c

Power capacity of turbine and C1 25 | 38 | 55
generator

Cost of turbine and generator c2 15| 37 | 55
Cost to install C3 15 | 37 | 55
Reliability and lifespan C4 15| 36 | 55
Cost of overhaul C5 10 | 27 | 55
Availability of spare parts C6 10 | 27 | 55
Vibration and noise level Cc7 10 | 26 | 55

Based on the selected criteria and their importance, the com-
pany manufacturing the turbines (and the generator) have been
contacted. Based on the provided criteria the company has
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submitted a proposal. The proposal satisfied the specified cri-
teria and was accepted for implementation.

The system suitable for installation at the Jeddo Tunnel cost
approximately $300,000. That amount includes the profes-
sional installation. The cost of the unit itself is around
$180,000. The installation in the Jeddo Tunnel was estimated
to be $120,000. This amount includes the necessary founda-
tion on which the micro-hydro system is mounted as well as
the necessary piping supplying the water into the micro-hydro
unit and then discharging the water into the creek. The war-
ranty on the micro-hydro unit is ten years with a minimal
maintenance fee during the ten-year interval. It would be de-
sirable for the project to have a return on investment in less
than the ten-year period. After the ten-year period, some sig-
nificant overall would need to be scheduled at a cost of ap-
proximately $60,000. After that overall, the unit should be op-
erational for another ten years.

5. Financial Analysis of the Project

Each engineering project requires an initial investment. The
initial investment for the installation of the micro-hydro power
generation system at the Jeddo Tunnel site is $300,000. The
funding for this project will be secured through a bank loan.
The weighted average cost of capital (WACC) for this project
is the cost of credit after tax incentives.

WACC = Kgr )

Where,
Kqr— cost of the credit after tax incentive (tax incentive lower
the interest rate)

Kear =Kg(1-T) (8)

Where,

Kq - cost of credit (5% for this project)

T — corporate tax rate (28% for this project)
Substituting numerical values

Kgr = 0.05(1 - 0.28)=0.036 (3.6%)
Therefore,
WACC=0.036 (3.6%)

The financial profitability of the project can be assessed by
calculating the following indicators.
Net present value (NPV)
Internal rate of return (IRR)
Profitability index (PI)
Return on investment
(Number of years needed for the full return on the in-
vestment)
Discounted rate of investment
(Number of years needed for the full return on the in-
vestment considering the discounted income)

The most important indicators of the profitability of the in-
vestment are the net present value (NPV) and the internal rate
of return (IRR).
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The net present value (NPV) of the project is the discounted
income minus the initial investment. NPV can be calculated
using the following equation.

NPV = CF, + CFy/(1+WACC) + CF2 /(1 + WACC)?

+....CFA(1 + WACC)" (9)

Where,

CFo = initial investment

WACC = cost of capital

CF1, CF, CFn - incomes in different years
If,

NPV > 0 (The investment is a good investment.)
NPV < 0 (The investment is a bad investment.)

Net present value represents the growth of the company’s
assets. Therefore, the objective is to maximize the NPV.
Assuming the cost of electricity is constant and equal to 10
cents/kWh, the annual income was calculated to be $56,940.
(Assuming the system would operate 24hrs/day for 365
days/year. Table 3 shows the discounted income for the first
ten years of operation of the micro-hydro power generation
system. (The income is discounted based on the cost of capital.

Table 3. Discounted Annual Income

Year of Operation | Factor Discount- Discounted In-
ing the Income come
1/(1 + WACQ)" (CFn)
1 0.965 $54,947
2 0.931 $53,011
3 0.899 $51,189
4 0.867 $49,367
5 0.837 $47,659
6 0.807 $45,951
7 0.779 $44,356
8 0.752 $42,819
9 0.725 $41,282
10 0.700 $39,858

The calculated NPV after ten years is $170,439. The return
on investment was calculated to be 5.5 years. The discounted
return on investment was calculated to be six years.

Internal rate of return (IRR) represents the return received
by the company on the project investment. IRR needs to be
higher than the cost of capital. Internal rate of return can be
calculated by solving the following equation.

0 = CFo + CFy/(1+IRR) + CF2/(1 + IRR)?

+.CFp(1 + IRR)" (10)
Where,
CFy - initial investment
CFy, CFyennnne, CF, - annual income received from invest-
ment

Substituting the numerical values and solving the equation
for IRR, the internal return rate was calculated to be
IRR =0.12 (12%). The internal rate of return (12%) is much
higher than the cost of capital.

Profitability index (PI) is the ratio of the total income di-
vided by the initial expense. The profitability index can be cal-
culated using the following formula.
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PI = [CF1/(1+WACC)! + CFo/(1 + WACC)?.........
+.CF/(1 + WACC)"/CFo (11)

Substituting the numerical values, the profitability index
was calculated to be Pl = 1.568. The profitability index indi-
cates
that for each $1 investment the company assets increased by
$1.568.

5. Conclusions

The project is an example of an innovative way for trans-
forming an existing post-coalmining site into a profitable ven-
ture. The internal rate of return on investment (12%) for the
micro-hydro power generation project is much higher than
cost of capital. There are many post-industrial sites in both
countries (Poland and the United States) which can be devel-
oped into profitable business ventures. This type of business
venture may not be of interest to a major power company, but
it can be very appealing to small local investors and local mu-
nicipalities. The post-industrial sites can often be purchased
for an affordable price. The original owners of the site may no
longer be in existence and local municipalities may be looking
for a way to either sell or develop the site. The closing of out-
dated industries creates opportunities for new innovative
ideas.

The project provided students with a comprehensive ap-
proach to engineering design. During the design process, stu-
dents were working as a team supervised by faculty. Students
were applying the knowledge from engineering courses (Stat-
ics, Dynamics, Fluid Mechanics, Thermodynamics, Machine
Design and Manufacturing Processes). There was also a sig-
nificant technical writing component as well as an Economics
course. An Economics course is a requirement in the Engi-
neering curriculum, and it was needed to determine the param-
eters of profitability and rate of return on investment. The pro-
ject was successful in capturing the students’ interest and
increasing students’ motivation. The project provided a com-
prehensive approach to Engineering education including writ-
ing a technical report and an analysis of the economic justifi-
cation of investment.
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