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I. Introduction 

The PHS sustainability project is to analyze and improve the off-grid renewable energy system at the 

Ponderosa High School (PHS) greenhouse. One way the team will improve the system is by including a 

human powered generation for an interactive demonstration of renewable energy for students at PHS. 

After considering client input, the capstone team has decided to design and manufacture a human 

powered bicycle (HPB) generator. When designing this bike, it is important to understand every 

component of the bicycle and where there can be performance losses in the design.  

 

This analysis focuses on identifying and calculating performance losses of the human powered bicycle to 

ensure that optimal efficiency is maintained in the design. The goal of this analysis is to provide sufficient 

information for the team to improve the design, so the least amount of performance losses is present. The 

main components of the HPB are, 

▪ Bike (mountain bike with gear shifting) 

▪ Drive belt 

▪ Alternator (12 volt) 

▪ Battery storage (FullRiver DC 400-6) 

▪ Interactive energy display screen (ECM) 

▪ Steel frame stand 

▪ Wooden floor support 

 

In the following sections, the efficiency and possible performance losses will be acknowledged for the 

components listed above based on the amount of efficiency lost due to the item. These possible losses will 

be shortened into a list of most importance so the team can effectively prioritize their time to improve 

efficiency as much as possible.  

 

Results from this analysis will help the team to maintain their goal of providing a durable and efficient 

human powered bicycle for the PHS greenhouse. Information from this analysis will meet the customer 

requirements of efficiency energy generation, increased energy generation, and STEAM education for the 

PHS students.  

 

II. Assumptions and Justifications 

Assumptions for the efficiency analysis of the HPB system are shown below with justifications provided.  

 

Assumption 1: the components resulting in performance loss are mechanical, general, electrical, and 

battery 

Justification: other components resulting in performance loss come from manufacturing, material 

selection, and chemical. However, these components result in a low performance loss and are considered 

negligible. 

 

Assumption 2: data for bike friction loss is estimated with online data of mountain bikes [1] 



 

Justification: data collected online is a sufficient estimate of the current mountain bikes donated to the 

PHS capstone team.  

 

Assumption 3: the components for bike performance loss are due to friction at the chain, gear shifting, and 

tire 

Justification: other components resulting in performance loss are due to biological performance, seat to 

height ratio, and manufacturing of the mountain bike. Since these are very small and vary depending on 

the rider, they will be considered negligible.  

 

Assumption 4: the components for drive belt performance loss are due to friction with the alternator 

Justification: other components resulting in performance are the manufacturing and drive belt slippage 

between the rear bike wheel and the alternator. These vary between the bike, drive belt, and alternator. 

Additionally, they result in a small performance loss and therefore are negligible.  

 

Assumption 5: the components for alternator performance loss are due to copper and core losses 

Justification: other components that result in performance loss for the alternator are hysteresis and eddy 

current loss. In comparison to copper and core losses, these other components are negligible. 

 

Assumption 6: the components for battery performance loss are due to heating degradation 

(charge/discharge cycling) and aging 

Justification: other components that result in performance loss for the battery are depth of discharge, 

wiring, and manufacturing. These components vary and have produced a small performance loss.  

 

Assumption 7: the components for stationary bike stand performance loss are due to tire slipping 

Justification: this is the only performance loss for the stationary bike stand. Other components are 

accounted for in the bike, the alternator, and the drive belt themselves.  

 

Assumption 8: the components for wiring and electrical performance loss are due to voltage regulation 

and electrical resistance 

Justification: other components that result in performance loss for the wiring and electrical are the 

manufacturing, set up, and varying loads. The other components result in a small performance and 

therefore are negligible. 

  

  



 

III. Methods 

Table I 

List of Variables 

Variable Description 

𝜂𝑡𝑜𝑡𝑎𝑙 Total efficiency of HPB system 

𝜂𝑚𝑒𝑐ℎ Mechanical efficiency 

𝜂𝑔𝑒𝑛 General efficiency 

𝜂𝑒𝑙𝑒𝑐𝑡 Electrical efficiency 

𝜂𝑏𝑎𝑡 Battery efficiency 

𝜂𝑏𝑖𝑘𝑒 Efficiency of the bike 

𝜂𝑑𝑏 Efficiency of the drive belt 

𝜂𝑠𝑡𝑎𝑛𝑑 Efficiency of the stationary bike stand 

𝜂𝑤𝑖𝑟𝑖𝑛𝑔 Efficiency of the wiring 

𝜂𝐷𝐶 Efficiency of the FullRiver DC400-6 

𝜂𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑜𝑟 Efficiency of the alternator 

𝑇1 Tension of tight side (drive belt) 

𝑇2 Tension of slack side (drive belt) 

𝜇 Friction coefficient (drive belt) 

𝛽 Contact angle (drive belt) 

𝑣𝑎𝑐𝑡𝑢𝑎𝑙 Actual velocity of rear bike wheel 

𝑣𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 Theoretical velocity of rear bike wheel 

𝑃𝐹 Power factor correction 

𝑃𝑅 Real power 

𝑃𝑎 Apparent Power 

𝜂𝑐𝑦𝑐𝑙𝑒 Efficiency of the battery cycle 

𝜂𝑐ℎ𝑎𝑟𝑔𝑒 Efficiency of the battery charge reaction 

𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 Efficiency of the battery discharge reaction 

𝑊𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 Energy delivered to the system 

𝑊𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 Energy supplied to the FullRiver DC 400-6 

𝑉 Terminal voltage per phase 

𝐼𝑎 Armature current per phase 

cos⁡(𝜙) Power factor of the load 

𝑅𝑎 Armature resistance per phase 

𝑃𝑐 Constant losses (alternator) 

 

To begin the efficiency analysis, it is important to identify possible performance losses for each 

component in the HPB system. These losses are described below in table II. 

Table II 

Possible Performance Losses for Human Powered Bicycle 

Component Possible Loss Type of Performance Loss 

Bike Chain belt, gear shifting, tire [2] Mechanical 

Drive Belt Heat, friction with alternator [3] Mechanical 

Alternator Copper losses, core losses 

[3] 

Battery 

Battery Heating, charge/discharge, aging Battery 



 

[4] 

Stationary Bike Stand Bike slippage 

[5] 

General 

Wiring/Electrical  

(ECM Display) 

Voltage regulation, electrical 

resistance 

[6] 

Electrical 

 

The losses described above are either possible or definite performance losses. For example, the battery 

system for the HPB will result in lower efficiency as the battery ages and retains damage from heat during 

charge/discharge cycles. On the other hand, the stationary bike stand will cause bike slippage if the design 

does not properly secure the bike stand but that can be resolved through design adjustments.  

 

The total efficiency of the HPB system can be described below, 

 𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑚𝑒𝑐ℎ ∙ 𝜂𝑔𝑒𝑛 ∙ 𝜂𝑒𝑙𝑒𝑐𝑡 ∙ 𝜂𝑏𝑎𝑡 (1) 

   

Each efficiency (mechanical, general, electrical, and battery) can be expanded upon to include the 

efficiencies from each component in the HPB system. The equations for each efficiency are described 

below. 

 

Mechanical efficiency  

 𝜂𝑚𝑒𝑐ℎ = 𝜂𝑏𝑖𝑘𝑒 ∙ 𝜂𝑑𝑏 (2) 

 

The mechanical efficiency of the HPB system is from the bike and the drive belt. Both items can result in 

performance loss from friction wear on the bike chain, gear shifting, tire, and the drive belt itself. As 

previously stated in the assumptions section, the friction losses for the bike will be estimated from data 

gathered [1]. The friction losses from the drive belt can be quantitively accounted for in the equation 

below.  

Friction loss due to the drive belt [7] 

 
𝜂𝑑𝑏 =

𝑇1
𝑇2

= 𝑒𝜇𝛽 (3) 

 

General efficiency 

 𝜂𝑔𝑒𝑛 = 𝜂𝑠𝑡𝑎𝑛𝑑 (4) 

 

The general efficiency of the HPB system comes from items that can cause performance loss based on the 

design of the system. In this case, the stationary bike stand is the only part that can cause loss due to tire 

slippage due to design. The performance loss due to the stationary bike stand can be quantitively 

accounted for in the equation below.  

Tire slippage [8] 

 𝜂𝑠𝑡𝑎𝑛𝑑 =
𝑣𝑎𝑐𝑡𝑢𝑎𝑙

𝑣𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 (5) 



 

 

Electrical efficiency  

 𝜂𝑒𝑙𝑒𝑐𝑡 = 𝜂𝑤𝑖𝑟𝑖𝑛𝑔 (6) 

 

The electrical for the HPB system is defined by all wiring for the battery and the interactive display. 

Wiring can cause performance loss due to internal resistance and unexpected voltage drops. To quantify 

the performance loss due to wiring, the equation below is used.  

 

Power Factor Correction [9] 

 
𝜂𝑤𝑖𝑟𝑖𝑛𝑔 = 𝑃𝐹 =⁡

𝑃𝑅
𝑃𝑎

 (7) 

 

Battery efficiency  

 𝜂𝑏𝑎𝑡 = 𝜂𝐷𝐶 ∙ 𝜂𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑜𝑟 (8) 

 

The battery efficiency of the HPB system contains both the DC battery (FullRiver DC 400-6) and the 

alternator (12 volt) being used to power and store energy from the HPB system. Both the battery and the 

alternator have predetermined performance loss that occur due to aging and heat damage. The 

performance loss for the DC battery and alternator is defined by the equations below. 

 

Total losses from the battery [10] 

 
𝜂𝐷𝐶 = 𝜂𝑐𝑦𝑐𝑙𝑒 = 𝜂𝑐ℎ𝑎𝑟𝑔𝑒 ∙ 𝜂𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =

𝑊𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

𝑊𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑
 (9) 

 

Total losses from the alternator [3] 

 
𝜂𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑜𝑟 =

3𝑉𝐼𝑎cos⁡(𝜙)

3𝑉𝐼𝑎 cos(𝜙) + 3𝐼𝑎
2𝑅𝑎 + 𝑃𝑐

 (10) 

 

IV. Results 

In the methods section, all equations needed to evaluate the total efficiency of the HPB system are 

established. These equations are defined by the major performance losses such as heat degradation, 

friction loss, voltage drops, and more. After defining major performance losses, estimates and values from 

testing and online resources are used to calculate a low, medium, and high efficiency for the system. The 

table below shows a range of the total efficiency for the HPB system. 

Table III 

Total Efficiency of the HPB System 

Low 0.35 

Medium 0.46 



 

High 0.69 

 

Ranges for a HPB system range in between 31%-71% [11], so the values calculated using the mechanical, 

general, electrical, and battery efficiencies are within acceptable ranges. The higher end of the total 

efficiency is assuming the stand has minimal slippage, there is little to no friction loss for the bike and 

drive belt, and the alternator and battery are working at optimal efficiency. Over the course of the time, 

the HPB system will start to lose efficiency due to heat degradation in the battery (from charge/discharge 

cycling) and alternator will begin to have significant core and copper loss.  

 

Alongside the total efficiency for the HPB system is the individual calculation for mechanical, general, 

electrical, and battery. These efficiency ranges can be used to show where the largest performance loss is 

presented in the HPB system. Below is a table of low, medium, and high ranges for each type of 

performance loss. 

Table IV 

Efficiency for Type of Performance Loss 

 Mechanical General Electrical Battery 

Low 0.81 0.95 0.95 0.47 

Medium 0.88 0.96 0.96 0.57 

High 0.95 0.97 0.97 0.77 

 

Values for each section are calculated with the respective equations in the methods section and validated 

with online sources. From these values, most of the performance loss is due to battery efficiency which 

includes the DC battery and alternator. This makes sense since both the DC battery and alternator usually 

experience heat degradation with either charge/discharge cycling or rotational friction. To better showcase 

the percentage of performance loss for each category, pie charts for low, medium, and high stages are 

shown below.  
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Fig 1. Low Range of Efficiency 

 

 

Fig 2. Medium Range of Efficiency 

 

 

Fig 3. High Range of Efficiency 

 

From these charts, 65-68% of performance loss for the total system comes from the DC battery and the 

alternator. The rest of the categories only account for about 35% of performance loss of HPB system. This 

information tells the team that the top priority should be maintaining the health of both the battery and the 

alternator. Small performance gains can come from design adjustments in the mechanical and general 

categories.  
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Current Design for the HPB System 

 

Fig 4. Current Design for the HPB System 

Above is the current design for the HPB system in the PHS greenhouse. This design will be used to 

adequately generate energy for the renewable energy system in the ranges of 35-69%. The team will 

maintain optimal efficiency with recommendations located in the upcoming section.  

 

V. Conclusion/Recommendations 

Current ways to improve the efficiency of the HPB system include making sure the depth of discharge for 

the battery system stays below 50% and the alternator is pedaled at a consistent rpm to result in less 

voltage drops. Other changes that can be made to get some performance gain back is confirming the rear 

bike wheel is securely placed in the bike stand and there is little to no tire slippage, the chain and gear 

shift are waxed to prevent friction loss, and the drive belt is replaced every couple years to maintain a 

drive belt with no friction damage.  

 

The analysis shown in this document identifies the low, medium, and high ranges of efficiency for the 

HPB system at the PHS greenhouse. Using equations to calculate performance loss for the mechanical, 

general, electrical, and battery systems, estimations for the total efficiency can be found for the total 

system. This information will be used to revise and produce the best design for the HPB system at the 

PHS greenhouse.  
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Appendix A: Specifications of the FullRiver DC400-6 

 

Fig A1. Specification of FullRiver DC400-6 (page 1) 

 

 



 

 

 

Fig A2. Specifications of FullRiver DC400-6 (page 2) 

 

 


