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Chapter 4. Distributed Generation 
a 1 Electricity Generation in Transition
a 2 Distributed Generation with Fossil Fuels
a 3 Concentrating Solar Power (CSP)
a 4 Biomass for Electricity
a 5 Micro-Hydropower Systems
a 6 Fuel-Cells
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Electricity Generation in Transition
a Opening the T&D grid to independent power producers
a Small-Scale plants
a Energy Efficiency
a Economic Advantage of Co-Generation (Heat and 

Power) and Tri-Generation (Heat, Power, Cooling)
a Environmental Advantage Æ transition toward small-

scale, decentralized energy systems
a Distributed Generation (DG): “small-scale power 

generation, in the size up to 50 MW, located on the 
distribution system close to the point of consumption”

a Owners of DG: Utility and Customers or Sellers to Utility
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Heating Value
a HV(Heating Value): How much heat a fuel can generate

`[Btu/lb-m]    or [kJ/kg]

a Two (2) HV’s from the same fuel: Gross HV and Net HV
a HHV (Gross) and LHV (Net) 

`Hydrocarbon produces heat and water vapor
`Water vapor is released and its latent heat is not recovered.
`Actual Energy extractable from the fuel is therefore lowered.
`Heat Values of combustion (HV) for a fuel: Inclusion of the latent heat 

or not
⌧Higher Heating Value (HHV): includes latent heat (Gross HV)
⌧Lower Heating Value (LHV): excludes latent heat (Net HV)



4

Distributed Generation with Fossil Fuels
a HHV (inclusion of Latent Heat)  and LHV (exclusion) for 

Various Fossil Fuels

a *Note: lbm: pound-mass        cf. lbf: pound-force
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Distributed Generation with Fossil Fuels
a Example: A micro-turbine has a natural gas input of 13,700 

Btu (LHV) per kWh electricity generation output. Find (a) its 
LHV efficiency and, with the LHV/HHV ratio of 0.9010 for 
natural gas, (b) its HHV efficiency.  
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HHV and LHV – Example- Handout
a :
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Micro-combustion Turbines 
a Traditional gas turbine (for utility and industrial facilities): ~ 100 MW
a A new generation of very small gas turbines

` Micro—turbine
` 0.5kW – 500kW range
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Reciprocating Internal Combustion Engines (ICE)
a Reciprocating (that is, 

“Piston-Driven”) ICE
a ICE: combustion takes place 

inside engine
a Size: 0.5 kW – 6.5 MW
a Efficiency: 37 – 40 %(LHV)
a Fuels: Gasoline, Natural Gas,

Kerosene, Propane, 
Alcohol, Waste Gas,

Hydrogen
a Conventional 4-stroke cycle 

found in automobiles
a Alternative 2-stroke engine: 

(Intake + Exhaust & Power)
` Not as efficient as 4-stroke
` More emission
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Stirling Engines
a External Combustion Engine (ECE) – Energy is supplied to the working fluid from a source 

outside of the engine ÆSteam Cycle Engine
a Stirling Engine: Piston-driven reciprocating engine of external combustion
a ECE: Any fuel
a Piston Movement: 

Controlled by rotating
crankshaft
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Stirling Engine Æ Electricity
a Engine Size:  1kW – 25 kW
a Fuel: Propane 
a Efficiency: 30 % (or less)
a Quiet (fuel burns slow)
a Low Emission
a No Vibration
a Market: Automobiles, boats, RVs, 

small aircraft, (and submarines)
a Market for Power Generation

` Small-scale power systems for 
battery charging

` Other off-grid application
` Co-Generation
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Concentrating Solar Power (CSP) Technologies
aCSP
`1
`2
`3
`4

aPrototypes
`1
`2
`3
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1 Solar Dish – Stirling Engine Power System
a Concentration: Multiple mirrors of a parabolic dish 

shape
a Dish tracking for sun and focusing on thermal 

receiver
a Thermal receiver converts to heat that delivers to a

(                             ) engine
a Heat Transfer Medium and Working fluid: (             ) 

or (                          )
a Cold Side of Stirling engine: Water-cooled, fan-

augmented radiator
a Efficiency: 20% (average), 30 %( record measured 

peak) Æ Highest Efficiency in all solar conversion 
technology

a Two Competing Systems: 25 kW with 20% Efficiency
` Dish by SAIC (Science Applications International Corp), 

Stirling Engine by STM (Sterling Thermal Motors)
` Boeing/SES (Stirling Energy Systems)
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Solar Dish – Stirling
Engine Power 
System

a Dish (SAIC)
a Stirling Engine (STM)

a Best for sunny deserts: 
CA, AZ, NV

a Short construction time
a Easy permit
a No emission
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2 Parabolic Trough
a SEGS (Solar Electric Generation Systems): 354 MW parabolic trough solar 

plant. Mojave Desert, Barstow, CA
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Parabolic Trough
a SEGS (Solar Electric Generation 

Systems): 354 MW parabolic trough 
solar plant.

a Receiver (at focal point) or Heat 
Collection Elements (HCE)

a Thermal (        ) – Heat Transfer Fluid
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Parabolic Trough
a SEGS (Solar Electric Generation Systems)
a HCE (Heat collection element): Heat transfer fluid Æ steam turbine/generator
a Heat Transfer Fluid: (           ), (            ), (                      )
a Night-hour consideration

` Heat Storage in (                    )
` Grid-connection
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Parabolic Trough
a SEGS (Solar Electric Generation Systems)
a Solar-to-Energy Efficiency at 10%
a Generation cost at $0.12/kWh (least expensive solar electricity)
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3 Solar Central Receiver Systems (CRS)
a CRS
a Heliostats: Computer controlled mirrors
a Receiver Tower – (                       )  

Thermal Storage
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Central Receiver System
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Central Receiver System
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Comparison of Concentrating Solar Power Systems 
1 Dish Stirling 2 Parabolic 

Trough
3 Central 
Receiver

Intensity of solar 
radiation focused 
on to receiver 
(“sun”)

3000 suns

* 1 sun = 1 kW/m2

100 suns 1000 suns

Efficiency 21% 14% 16%

Land Area
Required/MW

4 acres 5 acres 8 acres

Electricity Supply 
Reliability (with 
Thermal Storage)

Low Better Better

Cooling Needs No cooling 
required (Best)

Yes (Poor) Yes (Poor)
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Biomass for Electricity

a Waste Residues Æ Fuel Æ Steam 
Turbine/Generator

a 20% efficiency
a Generation cost at $0.09/kWh
a Co-firing approach: Burn Biomass 

along with coal (less emission)
a Biomass for Gas Turbine

` Gasification: Conversion of biomass fuel to a 
gaseous combustible gas (“producer gas”) 
through a thermochemical reactions.  Low 
heating value gas.

a CIG/GT (Coal-Integrated Gasifier/Gas 
Turbine) System

a BIG/GT (Biomass-Integrated 
Gasifier/Gas Turbine)System:  
$0.05/kWh
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Micro-Hydropower Systems

a Hydropower generation: 9% of U. S. electricity
a Large scale – 30 MW or bigger
a Small-Scale Hydropower: 100 kW – 30 MW
a Micro-Scale Hydropower: smaller than 100 kW
a “Run-of-the-river” System: 

No dam; no ecosystem disruption
a “Penstock”: A sluice or gate of intake 

structure for controlling water flow.
a River Æ Penstock Æ Hydraulic Turbine
Æ Generator
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Micro-Hydropower Systems
a P(W) = ???
a Net Head (HN) = Gross Head (HG) – Friction Head (Pipe Loss)(HF)
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Micro-Hydropower Systems – Example - Handout
a Net Head = Gross Head – Friction 

Head (Pipe Loss)
a Friction Head Example:
a Q1: “150 gpm is taken from a 

creek and delivered through 1000 
ft of 3-in diameter polyethylene 
(PE) pipe to a turbine 100 ft lower 
than the source. Using the rule-of-
thumb, estimate the power (W) 
delivered by the 
turbine/generator.”

a Q2: In a 30-day month, how much 
electric energy (Wh) would be 
generated?
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Micro-Hydropower Systems
aWhat would be the theoretical maximum power deliverable 

for a given pipeline?

a Theoretical maximum power delivered by a pipeline occurs 
when the Friction Loss (head) of the pipeline is 1/3 of the 
Gross Head.
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Micro-Hydropower Systems – Example2 
a Optimal Power Example:

a Q: Water is taken from a creek and delivered through 1000 ft of 3-in diameter 
polyethylene (PE) pipe to a turbine 100 ft lower than the source. (a) Find the optimal flow 
rate for the 1000 ft of 3-in PE pipe; (b) How much power then can be generated?

a ANSWER
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Class Activity 3: Micro-Hydropower Systems 
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Micro-Hydropower Systems – Energy Storage
a Battery-Based Micro-Hydro System

`Small size to meet the average daily demand
`Smaller size battery would do because of very low intermittency  - 2 day 

storage
`Shunt Load is to divert excessive energy to protect battery of 

overcharging
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Micro-Hydropower Systems – Energy Storage
a Pumped-Hydro System

`Run the pump during the low-cost off-peak hours
`Generate and sell electricity during peak hours
`Alleviate the intermittency of solar/wind electricity
`Round trip energy efficiency: 70 – 80 %
`Wind–Hydro Integration: Wind energy (pump run) stored as potential (water) 

energy
`Challenges: 

⌧ High capital cost
⌧ Long construction time
⌧ Dependent on market structure

(dynamic and buy-back price)
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Micro-Hydropower Systems – Pumped Hydro
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Micro-Hydropower Systems – Pumped Hydro
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Micro-Hydropower Systems – Hydro Research and Award Program

Hydro Foundation
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Fuel Cells
a “Gaseous Voltaic Battery” by William Grove in 

1839
a “Fuel-Cell” by Mond and Langer, 1.5W-cell with 

50% efficiency
a Francis Bacon, 5-kW alkaline fuel cell (AFC) 

which powered 2-ton capacity fork-lift  in 1952
a NASA on-board electric power source
a Fuel Cell: Conversion of Energy Contained in a 

Fuel (Hydrogen, natural Gas, Methanol, Gasoline, 
etc) directly into electrical power

a Fuel-to-Electric Efficiency: 65%
a Fuel Cell Co-Generation (Electricity + Heat): 

Efficiency 80%
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Fuel Cells – Basic Configuration
a Basic Configuration
a Membrane: Proton-

Exchange Membrane 
(PEM): capable of 
conducting positive ions 
only (not electrons nor 
neutrons)

a Fuel (H2) is dissociate in 
to Protons (H+) and 
Electrons (e-)

a Catalyst: Help drive the 
reaction to the right

a At the Cathode, the 
protons (H+) combines 
with Oxygen (O2)  and the 
(Returning) Electrons (e-) 
to become water (H2O)
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Fuel Cells – Electrical Output
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Fuel Cells – Electrical Output
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Fuel Cells – Electrical Characteristics of Real Fuel Cell
a Activation Loss: Energy 

required by the catalyst to initiate 
the reaction

a Ohmic Loss: current passing 
through the internal resistance 
posed by the electrolyte 
membrane, electrodes, and such.

a Mass Transport Loss: Hydrogen 
and Oxygen gases have 
difficulties reaching the electrode

a Result: V-I Curves
` Open Circuit Voltage: ~ 1V (cf. Ideal 

case at 1.229 V)
` Max Power = 0.75 W @1.8A Æ 0.42 V
` V = 0.85 – 0.25J    J: Current Density
` V = 0.85 – [0.25/A]*I    A: Cell Area
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Class Activity 4 – Fuel Cell
a Rough Parameters of a Home-Scale Fuel Cell 

Stack
a Question: A 1-kW fuel cell stack operating on 

a continuous basis, providing all of the 
electrical needs of a typical U.S. house, 
generates 48 V dc with  cells operating at 0.6 
V each.  How many cells would be needed 
and what should be the membrane area of 
each cell?




