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Systems Thinking in Sustainable Engineering  
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A. Course Description and Audience 

This module is taken from a course in Sustainable Construction, which is a technical elective for 

seniors and graduate students (primarily Civil Engineering majors). We expect that this module 

would also be appropriate across the range of engineering disciplines.  

 

B. Placement of Lesson in the Course Design 

Students in Sustainable Construction learn about the environmental, economic and social 

impacts brought about by the construction industry. A primary objective of the course is for 

students to develop skills to evaluate engineering topics from a more holistic perspective, beyond 

purely technical issues. In particular, the 

to teach students about this holistic approach to evaluating and solving engineering problems. 

This module introduces this systems thinking approach to help students evaluate and solve 
problems in a more holistic, sustainable manner.  
 

C. Lesson Learning Objectives 

After this class session students will be able to 

 Define and explain systems and how they function.  

 Explain the systems thinking approach and how it differs from the classical approach. 

 Relate systems thinking to sustainable engineering and their future roles in it. 

 Apply systems thinking to solve engineering problems and more general problems that 

they may face in the future. 
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D. ABET Criteria 3a-k Addressed in the Lesson 

Students will have the opportunity in this course to meet a number of ABET criteria education 

competencies. In particular, this module should support the following competencies: 

(b) The ability to analyze and interpret data with the systems thinking perspective in mind. 

(c) The ability to design a system, component, or process to meet desired needs with a holistic 

view toward constraints such as economic, environmental, social, political, ethical, health and  

safety. 

(e) The ability to employ systems thinking tools to recognize, formulate, and solve sustainably 

optimal engineering problems. 

(g) The ability to communicate effectively by explaining systems thinking principles and its 

application as a tool to other students. 

(h) The broad education necessary to understand the impact of engineering solutions in a global, 

economic, environmental, and societal context and how systems thinking combines and 

considers all these context in suggesting possible solutions. 

(i) A recognition of the need for and an ability to engage in life-long learning by equipping the 

students with an understanding of the systems and a systems thinking mindset in their life.  

 (j) A knowledge of contemporary issues in sustainable engineering and systems thinking tools in 

solving them. 

 

E. Description of the Topic 

The Basics 

The word system originates from the Greek word "synistanai," signifying to bring together or 

combine ("The Systems Approach," n.d.). A system is an interconnected, interacting and 

interdependent set of components that form a whole and create their own pattern of behavior. 

Four kinds of components are essential to each system: elements, attributes, interconnections, 

and either a function (nonhuman system) or purpose (human system). Elements (e.g. objects, 

parts, and variables) can be physical, abstract, or both. Interconnections are the internal 

relationship between the elements. One example of an interconnection is a physical flow, such as 

water flow to and from a reservoir.  Another example would be an information-based link, such 

as information regarding the fluctuation of water level in a reservoir which directly relates to 
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rainfall and water consumption. Usually, the latter is more difficult to notice when examining a 

system.   

Attributes stics. For instance, in a system with a water 

reservoir as an element, the amount of inflows (e.g. rain) and outflows (e.g. evaporation) 

called the purpose or function.  For example, the purpose of a heating/cooling system is to 

regulate and monitor the indoor environment at a consistent temperature. It is difficult to 

recognize the purpose 

(Meadows, 2008; "Core Assumptions and Statements," 2004). 

Systems are surrounded by an environment. Open systems are those that dynamically exchange 

information, mass or energy with their environment. In closed systems, however, mass and 

information do not get transferred to and from the environment.  Living systems are good 

examples of open systems. Biological organisms continuously interchange information with their 

environment. The feedback from their surroundings enables them to constantly evolve and adapt 

to the needs of their environment. Although most of real-world systems are open ones, we can 

think of a thermometer as an example of a closed system. A thermometer does exchange energy 

with the environment, yet no mass gets transferred between the thermometer and its surroundings 

(Von Bertalanffy, 1950; Meadows, 2008). 

As mentioned previously, a system produces its own characteristic set of behaviors. In some 

systems, this set of behaviors is controlled and operated by a mechanism called feedback loops. 

A feedback loop is a closed chain of connections that communicates the changes in a system to 

its different elements. By communicating these changes, the system is able to maintain its 

dynamic equilibrium. For example a thermostat regulates the temperature in a space by sensing a 

need for change and adapting to this change. If the room temperature falls to a degree beneath 

the setting, the furnace is activated in order to make the room warmer until it reaches the set 

temperature. Once the desired temperature is achieved, the furnace automatically shuts down. In 

essence, the thermostat is acting as a link between the room temperature and the heat produced 

by the furnace in the overall feedback loop (Meadows, 2008). 
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Figure 1 illustrates a system diagram of the temperature balance discussed above. In the figure, 

flows are displayed by arrows to and from the stock (rectangle). The faucet regulates the amount 

of inflow and outflow, the curved arrows represent a feedback loop (B=balancing loop which 

imposes the direction of a change), and the cloud represents wherever the flows originate from or 

go to. 

 

Figure 1. A System Diagram of Room Temperature (adapted from Meadows, 2008) 

Systems can have various properties. They may be adaptive, self-preserving, goal-seeking, and 

dynamic (Meadows, 2008). Although not all systems have these characteristics, many systems 

are observed to have the following:  

 

In an efficient system, each part is unable to fulfill its function in isolation. In other 

words,  

 Systems self-organize as a response to the information provided to them by feedback. 

Feedback is a mechanism that regulates the inflows and outflows to and from a stock, 

activated by a change in the system. Feedback plays a key role by enabling systems to 

exchange information internally and with their environment. Otherwise, systems would 

fail to adapt to the modifications imposed on them and may not survive (Systems 

Thinking: Seeing, n.d.). 
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 Well-functioning systems are resilient, self-organizing and hierarchical.  

 Resilient systems can restore their original condition when an external factor influences 

them. Self-organization is a property of systems that are capable of evolving and adapting 

to their surrounding environment. Good examples of these characteristics are biological 

systems, which can learn from their environment and respond to the threats and resources 

available to them. Hierarchical systems are structured in a layered, bottom up developing 

composition. As in any system all components still relate to each other mutually. 

However, the relationships between parts are stronger within each subsystem (Meadows, 

2008). For instance, the cells in an organ form a subsystem and work together to make 

the organ function properly. At a higher layer, organs collaborate to keep the body 

healthy and efficient. The relationship between cells of an organ is more intense than 

with the cells of another organ.  

Systems Thinking History 

Throughout history, philosophers and scientists have struggled to explain the world around them. 

Even during the time of Aristotle, philosophers recognized differences between reductionist and 

holistic approaches. These approaches can be described as follows: 

Reductionism:  This is the classical scientific approach that is inspired by the Cartesian-

Newtonian conception of the world. This perspective tries to make sense of a phenomenon by 

taking its components apart and viewing their characteristics individually. However, this 

orientation fails to consider the wholeness coming from the interactions and systemic 

interconnectedness of the parts. The properties of the whole cannot be observed from an analysis 

of just the separate parts (Banathy, 1997). 

As John Holland, a pioneer in complex system and nonlinear science, explains: "For the last 400 

years science has advanced by pieces of it. When assembled, the small pieces would explain the 

whole (Holland, 1998).   

In other words, the reductionist approach although necessary for understanding complex 

systems, must be complemented by the systems approach to interpret systems and find optimal 

solutions. 
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Systems theory: This approach was proposed in the 1940s by the biologist Ludwig von 

Bertalanffy. Rather than observing the properties of the components independently, systems 

theory!focuses on the interconnection of the composing parts as they form a whole 'Heylighen & 

Joslyn, 1996() It is defined as: 

 their 
substance, type, or spatial or temporal scale of existence. It investigates both the principles 
common to all complex entities, and the (usually mathematical) models which can be used to 

(Heylighen & Joslyn, 1996). 

The application of this theory is called systems analysis and systems thinking is a primary tool 

for systems analysis. 

Systems Thinking Perspective 

Systems thinking suggests an approach to problem solving that views the problem as a part of an 

overall system. In the systems thinking framework, a system is considered a dynamic and 

complex whole in which the components continually affect each other over time and operate 

toward a common purpose. These composing elements can be best understood in the context of 

their interactions and also their relationship with other systems rather than in isolation (Capra, 

1996). 

Despite the classical, traditional, scientific approach that attempts to explain things 

deterministically and predict future trends, systems thinking is based on understanding rather 

than predicting. It tries to manage a problem rather than solve it. As opposed to the traditional 

approach which seeks a cause and effect relationships between variables, systems thinking 

recognizes the multiple, mutual and recursive causation that exists in a complex, dynamic 

system; therefore acknowledging that a change in one area of the system can have drastic 

influence on other parts of the system. 

The holistic approach introduced by systems thinking expands its view to consider a larger 

number of the constituents and their interactions, instead of breaking them down into analyzable 

units. According to this point of view, systems behavior results from reinforcing and balancing 

loops which, ons, allow the system to maintain 

its equilibrium. As mentioned earlier, feedback loops are a salient feature of systems and act as 

http://pespmc1.vub.ac.be/CSTHINK.html#Bertalanffy
http://pespmc1.vub.ac.be/CSTHINK.html#Bertalanffy
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 Table 1 

shows a comparison of the key distinctions between classical and systems orientations. 

 

Table1. Key Distinctions Between Classical and Systemic Orientations  

Perspective of Classical 
Science 

 Perspective of Systems 
Science 

Analysis, Reductionism Entity Mode of Enquiry Synthesis, Expansionism, 
Emergence Process 

Cause-Effect, Determinism Reasoning Non-deterministic, Purpose, 
Meaning 

Objectivity, Observer  
detachment 

Rule Observer Involvement and 
Influence 

Prediction Identity Goal Understanding Activity 
Goal-driven, Negative 

feedback, Adjust for error 
Control Goal-driven Positive 

feedback, change of goals 
Taste of Systemics  1997, International Society for the Systems Sciences.  

< http://www.isss.org/taste.html> 
 

Systems Thinking in Engineering 

The world we are living in is a world of systems and many of our problems and questions rise 

from inside a system. It is a necessity that future engineers comprehend systems and view the 

so they can face problems in a more reasonable way. Knowing about 

-organizing, dynamic, feedback systems 

are often not predictable or controllable. Instead of trying to foresee the future and prepare for it, 

systems thinkers try to ask the right questions and study the behavior of the system. Then, they 

can interfere in a system at leverage points, where modifications will lead to the desired result. 

This would help prevent instances where engineers impose changes to a system that offer a 

temporary solution but aggravate the situation in the long term by affecting the 

equilibrium.  

Viewing a problem through a systems thinking lens allows engineers to understand the elements 

and their interrelationships from different perspectives (economic, societal and environmental) 

and at different levels (local, regional and global). In the realm of engineering, systems thinkers 

can face problems from perspectives other than those involving only technical considerations.  
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Integrating Systems Thinking in Engineering Education 

Especially in engineering education, it is crucial that trained engineers are capable of employing 

systems thinking as a tool in finding sustainable solutions to real-world problems. The American 

Society of Engineering Education recommends that: 

teams, to teach pollution prevention, life cycle analysis, industrial ecology, and 

other sustainable engineering concepts  

According to the Egan 

introduction to the generic skills should form part of existing formal training courses for built 

environment professions  In order to successfully achieve this objective, systems thinking 

concepts and applications must be included in the educational curricula.  

If environmental -organization are used 

appropriately, they can help systems regulate themselves when an external factor like pollution is 

imposed on them. Thus, there is no longer a need to interfere in the system from outside in an 

attempt to eliminate pollution. Further, the systems perspective offers the opportunity to observe 

the environmental impacts of a product during different stages of its life cycle. 

Clearly engineering education should equip students with the engineering systems thinking 

; 

and analyze and synthesize systems with different levels of complexity.!

"# $%&&'(!)*+(!

This lesson plan consists of two 50-minute sessions. The first session introduces the concept of 

systems thinking and how it relates to engineering. The second session focuses on familiarizing 

the students with applications of systems thinking in engineering. The first session begins with 

the instructor giving a short presentation concerning the learning objectives, followed by a 

description of the concept of systems thinking. Then, the students are engaged in an in-class 

activity that allows them to practice the theoretical concepts they have learned. In the second 

session, the instructor presents the learning objectives for the session and briefly reviews what 
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was covered in the previous class. The students are given the opportunity to ask any questions 

concerning the previous session. Then, the students are involved in another in-class activity 

where they apply the systems thinking approach to a real-world engineering problem where the 

intent is to demonstrate how this approach helps in finding better, more sustainable solutions. 

 
Class Activity 1This activity is intended to let students think of issues such as enhancing energy 

performance in buildings from a more holistic point of view.  

In this activity, in groups of five and in three minutes time students are required to list as many 

systems/places in a building as they can where there is an opportunity for saving energy. They 

will take two more minutes to think how these systems are interrelated. Finally they are asked to 

show their thoughts in a mind map. 

each other on a specific topic (usually a key word). Mind maps are used to structure and organize 

o  

This is a very quick activity where the purpose is not to investigate energy consuming systems 

within a building in too much detail. But the purpose is more to require the students to view and 

analyze a given problem from a systems perspective and be able to express/show that system 

using tools such as mind maps. 

After the time for the activity is over, two or three students are asked to stand in front of the class 

s are asked to follow the mind 

map on the blackboard and add items that they considered but are not included in the maps on 

the board. 

The activity will conclude by the instructor reviewing the activity, explanation of the system and 

its interrelated elements. 

  
Class Activity 2 
The activities in the second class are intended to make students familiar with solutions that 

systems thinking approach suggests to real-world engineering problems. The handouts shown in 

Figure 2 are distributed to the class. Students are grouped in teams of 5 and each group is given 

time to complete the assignment using the information provided: 

1. Taking into consideration variables that influence the friction loss, draw an optimum path 

for the pipes to be installed. 
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2. Given the necessary charts and information, calculate the friction loss in the pipes and 

bends designed. 

3. Given the necessary equations and according to the friction loss calculated, calculate the 

head loss in the pipes. 

4. Identify the pump capacity needed in accordance with the head loss calculated. 

5. Analyze the cost for the system designed (including the pipe, the pump, elbows, etc). 

The objective of this activity is for students to apply the systems thinking approach in an 

engineering design problem and observe how the results change. In this exercise, students realize 

the impacting factors i.e. the length of the pipes, the bending angle of the elbows and the layout 

of the room where the pipes pass. The result of this approach shows itself when they identify the 

pump capacity needed for their design. Students who take a systems thinking approach can 

specify a smaller pump that costs less and uses less energy. In other words, they learn to apply 

systems thinking to find a more sustainable solution to a given engineering problem. 
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Learning Styles Addressed 
The introductory presentation gives the students an overall understanding of the concept of 

systems. This lecture is followed by the in-class activity allows students to convey and build 

knowledge in a cooperative environment since class activities are designed to be performed in 

groups. In addition, the general discussion provides an opportunity to clarify concepts and see 

different angles of a problem. The lesson will follow the tentative timetable shown below. This 

timetable can be adjusted based on the needs of the students.  

 

Table2. Learning Styles addressed: Session1 

Activity Learning Styles Addressed Timeline 
(min) 

Introduction Global: by giving an outline where this topic fits into the 
course and how systems thinking relates to engineering 

4 to 5 

presentation on 
systems thinking 
concepts 

Reflective: by conveying different resources to present the 
topic  
Verbal: by explaining the concept of systems thinking and 
providing examples in engineering 
Active:  by involving effective communication in a short 
period of time 

15-20 

In-class activity Active: by communicating system concepts in a short time and 
in an active way 
 

15-20 

Conclusion Global: by generalizing the knowledge gained from the 
activity to other similar problems 

4 to 5 

 

Table3. Learning styles Addressed: Session2 

Activity Learning Styles Addressed Timeline 
(min) 

Introduction Reflective: by reviewing the material covered in the previous 
session 

4 to 5 

In-class activity Reflective: by using different resources in completing the 
activity  
Verbal: by letting the students work in groups and 
communicate their solution to the problem 
Active:  by requiring the students to actively participate in 
solving a real engineering problem 
 

25 to 30 

Conclusion Practical: by applying the theoretical concepts learned in the 
previous session 

10 to 15 
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G. Assessment Tools 

In the second session, students are required to optimize the solution to an engineering problem 

based on what they were taught in the previous class. Their answer to this design problem 

provides one method of assessment for how successful they have been in comprehending and 

employing systems thinking tools in real-world situations. The instructor can also assess the 

effectiveness of the teaching material, activities, and discussions through feedback from the 

assignment papers submitted by the students. Also, being involved in a class activity allows the 

students to perform assessment through peer review while sharing their understanding of the 

topic. The conclusion of the class allows students to discuss what they have learned from the two 

sessions by having the results of these two classes summarized by the instructor.  
 
Significance of this Lesson Plan 
This module introduces the concept of systems thinking and how it relates to more sustainable 

engineering solutions. The first class activity helps the students to practice the theoretical 

concepts presented to them in the lecture and deepen their comprehension of the topic. In the 

second class activity, students employ the systems thinking tool in a practical case study thereby 

learning how to use it as a life-time tool for resolving problems. The ultimate goal of the module 

is to train the students to be systems thinkers through practicing systems theory and making it a 

default approach to complement the reductionist approach when they encounter an engineering 

challenge. 

After these two classes, each student is required to explain systems thinking and its attributes 

relating to sustainable engineering. Then, students can use what they have learned to analyze a 

system and apply systems thinking tools to solve a problem. Ultimately, they will generalize this 

application in order to solve problems from different perspectives, at different levels of 

complexity.  

Integrating systems thinking in engineering education will lead to future engineers who are 

systems thinkers. These engineers will try to understand the whole and figure out 

interrelationships and patterns for the situation they are involved in. They will pay attention to 

the importance of feedback and be aware of how their actions shape reality. In addition to 

breaking down problems in order to diagnose them, they will look for patterns of behavior, 
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variables that caused the problems and the factors that influence them. These systems thinkers 

will attempt to make long-term changes to permanently prevent the problem, rather than find a 

solution to the broken down problem (Bierema, 2003) 
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Solution to the class activity: 

Flow rate (Q) = 100 gal/min, the pipe diameter (D) = 3 in 

 Water velocity (V) = 1.4 m/s 
Pipe is made of galvanized iron: absolute roughness (e) = 500 * 10-6 ft 
 Relative roughness = e/D = 500* 10-6 *12/3 = 0.002 in/in 
Case 1: 

 
 
 pipe length (L) = 106 m 350 ft 

http://www.efunda.com/formulae/fluids/calc_pipe_friction.cfm  
 

 Friction factor (f) = 0.0250  
 Hloss = fL(8Q2/g 2)/D5 = 0.0250*106*8*(0.378541178/60)2/(3*2.5/100)5*(9.81*3.142) 
 Hloss=3.68 m 12 ft 

Pump HP = (Q * Head Loss)/1500 = 100*12/1500= 0.8 
 
 
 
 
 
 
 
 
 
 
 

http://www.efunda.com/formulae/fluids/calc_pipe_friction.cfm


 
Case 2:  

 
 
pipe length (L) = 128 m 420 ft 
Friction factor (f) = 0.0250 

 Hloss= 0.0250*128*8*(0.378541178/60)2/(3*2.5/100)5*(9.81*3.142) 
 Hloss= 4.44 m 15 ft 

Pump HP = (Q*Head Loss)/1500 = 100*15/1500=1  
 
 
 

http://www.deanbennett.com/6inch-index.htm  
 

 For both cases   
 The difference between pipe prices = (420-350)*$1.5=70*$1.5=$105 
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http://www.deanbennett.com/6inch-index.htm
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