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1. References: 

a. Unified Facilities Criteria (UFC) 1-200-02, High Performance and Sustainable Building 
Requirements, with Change 1, 1 October 2017. 

b. Memorandum, ASA (IE&E), Sustainable Design and Development (SDD) Policy Update, 
17 January 2017. 

2.  Purpose.  This Engineering and Construction Bulletin (ECB) announces the publication of 
three new TechNotes on sustainable technologies: 

a. TechNote 13, Solar Thermal [updated] 
http://www.wbdg.org/ffc/army-coe/technotes/technote-13 

 
b. TechNote 28, Microhydropower 

http://www.wbdg.org/ffc/army-coe/technotes/technote-28  
 

c. TechNote 29, Combined Heat and Power (CHP) 
http://www.wbdg.org/ffc/army-coe/technotes/technote-29 
 

3. Background.  TechNotes are developed to disseminate information regarding new or 
improved building technologies which provide additional opportunities to meet requirements of 
UFC 1-200-02 (Reference a) and SDD Policy Update (Reference b).  TechNotes are brief guides 
featuring the most pertinent information about the technologies.  The content typically includes 
project application, design strategies, product information, specifications, supporting compliance 
with Guiding Principles and Federal Mandates, relative costs, resources for additional information, 
and case study examples. 

4. Access.  TechNotes are hosted online on the Whole Building Design Guide within the 
Army/COE Criteria section of the Documents Library which can be reached directly using this 
link: http://www.wbdg.org/ffc/army-coe/technotes.  The USACE Centers of Expertise in 
Sustainability (CXS) maintain and update TechNotes and may provide specific project support on 
a reimbursable basis to implement sustainable technologies and processes.  Contact information for 
each CXS is at http://www.usace.army.mil/Missions/Sustainability.aspx.  

5. Training.  Sessions featuring these TechNotes have been included in the Engineering & 
Construction Webinar Program.  For more information on the webinar program, including videos 
of past webinars and how to obtain CEUs, see https://mrsi.erdc.dren.mil/sustain/webinars/. 
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Upcoming webinars are posted on the Technical Excellence Network (TEN) calendar at 
https://apps.usace.army.mil/sites/TEN/Lists/Calendar/aec.aspx. 

6. Update.  This information does not affect higher level policy and does not require updating 
existing criteria documents. 

7. Point of Contact.  HQUSACE point of contact for this ECB is Eric Mucklow, CECW-EC, 
eric.mucklow@usace.army.mil or (202) 761-0522. 
 
 
 
      //S// 
 LARRY D. McCALLISTER, PhD, P.E., PMP, SES 
 Chief, Engineering and Construction 
 U.S. Army Corps of Engineers 
 
 
 
 
Encl. 
ATTACHMENT A – Solar Thermal TechNote 13 
ATTACHMENT B – Microhydropower TechNote 28 
ATTACHMENT C – Combined Heat & Power TechNote 29 
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    Solar Thermal 
[Strategy] 


Brief Description  Solar domestic water heating (DWH) systems harvest the insolation from the sun and store its’ 
heat energy in the form of hot water.  There are a number of factors that influence the economic 
viability of solar domestic water heating systems.  Some of these factors are labor costs, local 
weather, available solar insolation, and size of the system. 


The Sustainable Design and Development Policy Update states, solar domestic hot water will be 
provided  for  a  minimum  of  30%  of  a  facility’s  hot  water  demand  for  all  new  construction 
projects with an average daily domestic hot water requirement of 50 gallons or more, located 
in areas receiving an annual average of 4kW/M2‐day.  


The arguably largest factor is the type and cost of the available utility to be displaced, which in 
turn  predicates  the  annual  potential  offset  savings.    The  ideal  location would  have  a  large 
domestic hot water consumption, high local utility costs and a larger summer demand vs. the 
winter months. 


The amount of insulation from the sun varies during the course of the day and the day of year, 
as well  as  the  specific  geographical  location.      A  typical  solar  output  vs.  a  fixed  demand  is 
illustrated below.  Typically, a 30% offset proves to provide the best economics, but this is not 
always the case.   Any short fall  in production will need to be supplemented by conventional 
domestic water heating systems. 


The illustration above is only for reference and exact location data is required to predict the 


amount of available solar insolation. 
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Applications 


Design Notes  


The ideal candidate would be located in an area with solar insolation in excess of 4.5 suns, 
have above average utility costs and low labor costs. 


 Economic viability seems to maximize around the 30% offset design.


 Passive systems in warmer climates prove to be more economically viable.


 Facilities with larger domestic hot water demands usually have viable economics.


 Heating indoor swimming pools


SITE SELECTION 


 Sufficient area, either ground area or roof space must be available.  There must be
consideration for the added weight when designing a system as a roof mount.


 While there are many variables, typically the size of a system will be from 1 to 1.5
square feet net area per gallon of domestic hot water produced.


 The selected site must be free of all shading from other buildings or natural sources.


 Generally, fixed tilt panels should be tilted at the latitude and facing true South, not
magnetic South.


 To optimize cost effectiveness collector to storage distances should be minimized.


 A conventional backup system must be provided and capable of producing 100% of
the system demand.


 Systems that utilize a working fluid and a heat exchanger must maintain domestic hot
water pressure above that of the working fluid to prevent leakage into the system.
Typically the domestic water pressure is controlled by a pressure regulator. The
working fluid pressure entering the heat exchanger must be below the domestic hot
water system pressure to prevent possible contamination due to leaks.


FREEZE PROTECTION 


 Freeze protection should be considered for all systems.  This can be a drain down
system or a system utilizing a working fluid such as propylene glycol.


WATER TEMPERATURE CONTROL 


 In warm seasons, water temperatures may be above 140°F (60°C). Mixing valves must
be installed to keep occupants from being scalded.


ESTIMATING HOT WATER CONSUMPTION (Source: Appendix E of UFC 3‐420‐01) 


 Mix ratio to achieve 110°F hot water (110‐Tc)/(140‐Tc). Mix ratio to achieve 120°F hot
water: (120‐Tc)/(140‐Tc). Where: Tc is the cold makeup water temperature. Assumes
140°F storage temperature.


 Showers @ 7 ½ minutes and 2.5 GPM @ 140°F.


 Lavatory use 2 minutes and 2.5 GPM @ 140°F
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References 


 Assume 23.45 Gallons per occupant @ 140°F


 Assume storage tank sized for 12.5 gallons @ 140°F, per occupant.


 Facilities with washing machines, may be estimated to use 20 gallons of 120°F water
per load and 3 loads per occupant per week.


MAINTENANCE 


 It is important to train the facility managers and other personnel to properly maintain
the solar domestic hot water systems. 


 Although not recommended, direct systems collectors may require periodic treatment
with a nontoxic solution, to remove any scale which would lower the overall efficiency. 


 Current maintenance costs are estimated by NERL as 1% of the installed cost per year.


1. Solar Water Heating: Using the Sun to Heat Domestic Water Makes Sense in


Almost Any Climate.  http://www1.eere.energy.gov/femp/pdfs/26013.pdf


2. Greening Federal Facilities: An Energy, Environmental, and Economic


Resource Guide for Federal Facility Managers  and Designers.


http://www1.eere.energy.gov/femp/pdfs/29267.pdf


3. Solar Hot Water Resources and Technologies.


http://www1.eere.energy.gov/femp/technologies/renewable_shw.html


4. Solar Water Heating: Well‐Proven Technology Pays Off in Several Situations
http://www1.eere.energy.gov/femp/pdfs/FTA_solwat_heat.pdf


5. Parabolic‐Trough Solar Water Heating
http://www1.eere.energy.gov/femp/pdfs/FTA_para_trough.pdf


6. Solar Ready Buildings Planning Guide
http://www1.eere.energy.gov/femp/pdfs/46078.pdf


7. Department of the Army Memorandum: Sustainable Design and Development Policy
Update (Environmental and  Energy Performance) July 8 and 16, 2010
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Energy Savings 


Social Benefits 


WATER HEATING 


 The economic peak appears around a 30% offset.  The specific size, offset amount and
economics depend on location, weather, labor costs and utility rates.


Reducing  conventional utility consumption will simultaneously reduce the amount of water 
consumed and the amount of CO2 released in producing the offset electricity.  The amount is 
dependent upon the specific location and what sources they use to generate the power. For 
Natural Gas or LP heating, only a reduction in CO2 will be realized.  


Guideline 
Principals1 


Associated 
LEED Credits 


ON‐SITE RENEWABLE ENERGY 


 Per EISA Section 523, meet at least 30 percent of the domestic hot water demand
through the installation of solar domestic hot water heaters, when life cycle costs are
effective.


☒ Energy and Atmosphere (LEED 20092 BD+C) 


 EAc2 On‐Site Renewable Energy (1‐7 points): While solar domestic water heating
offset is only a fraction of the overall building renewable energy, it does contribute to
the potential LEED savings.


 Use on‐site renewable energy systems to offset building energy costs.


☒ Energy and Atmosphere (LEED v43 BD+C) 


 Renewable Energy Production (1‐3 points): Use renewable energy systems to offset
building energy costs.


References  1. Guiding Principles for Federal Leadership in High Performance and Sustainable


Buildings www.wbdg.org/pdfs/hpsb_guidance.pdf


2. USGBC LEED Reference Guide for Green Building Design and Construction, 2009


Edition


3. USGBC LEED Reference Guide for Green Building Design and Construction, v4
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Product images 


Vendors 


Cost Range 


Typical flat Glazed solar water heating panels. 
(Source: http://www.builditsolar.com/Projects/WaterHeating/DougsSolarWater.htm) 


(Source: http://www.Rheem.com/products/solar water heating) 


Rheem Solar Water Heating Products 


 http://www.rheem.com/products/solar_water_heating/


There are very many variables that influence the system installed cost.  NREL quotes the 2017 
pricing averages as $162.00 /ft2 +/‐ $91.00 of solar panels. There are numerous costing 
factors associated with any specific location, and thus the large variance in cost.  
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Product types 


The following table should be used for comparison only as there are many factors that will 
dictate the actual costs.  These would include such items as labor rates, selected 
manufacturer, selected installer, shipping to location, and any local or state permits. 


(Source: http://www1.eere.energy.goc//femp/pdfs/FTA solwat heat.pdf) 


Collector types include un‐glazed solar collectors, glazed solar collectors, and evacuated tube 
solar collectors. The systems are either direct or indirect, which can use pure water or an 
ethylene glycol solution.  Glazed solar collectors are the most common systems for small to 
medium sized water heating needs. These systems achieve water temperatures up to 160 
degrees Fahrenheit and meet domestic hot water needs. Some systems are more suited for 
specific climate zones. 


Some systems are more suited for specific climate zones. 


ACTIVE SOLAR WATER HEATER 


 Active solar domestic solar water heating systems use a pump and controls to
circulate water to the collectors and return to the water storage tank. These systems
may use the direct or indirect method to circulate water.


 The direct method circulates the domestic water through the collector and back into
the storage tank. This is best suited for a mild climate where temperatures seldom
drop below freezing.
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 The indirect method uses a non‐freezing fluid which is circulated through the system.
The gained heat is then transferred to the domestic water in a heat exchanger.  This
system is better suited for climates which have lower ambient temperatures and
freezing is more likely. The indirect method is utilized more often in regions where
low temperatures may cause pipes in a direct circulation system to freeze.


PASSIVE HEATING SYSTEM 


 Passive solar domestic water heaters use natural convection to circulate water. Since
the have fewer moving parts, they tend to last longer and maintenance costs.  They 
do not have the overall efficiency of the active systems.   


 Passive systems will operate during a power outage and are usually less expensive for
technicians to install.  The collector is installed below the storage tank, which enables 
the warm water to rise from the collector and into the tank naturally without a pump.


BASIC TYPES OF SOLAR COLLECTORS 


 Unglazed swimming pool heaters (for low‐temperature applications)


 Flat‐plate collectors (for humid climates)


 Evacuated‐tube collectors (operating at high temperatures with high efficiency) very
expensive.


 Parabolic‐trough collectors. (Highly efficient systems for nonresidential and
institutional applications)
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ACTIVE DIRECT OR “OPEN‐LOOP” SYSTEM 


 5‐10 percent more efficient than indirect systems.


 Pump circulates water from the collectors to the storage tank.


 Suitable for mild and moderate climates with good water quality. These systems are
not allowed where freezing occurs.


 Especially applicable to swimming pool heating.


ACTIVE INDIRECT OR “CLOSED‐LOOP” SYSTEMS 


 Pump circulates a fluid with a low freezing point (e.g. propylene glycol) in the
collector loop.


 Suitable for most climates.
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PASSIVE INTEGRAL COLLECTOR‐STORAGE (ICS) SYSTEMS 
 


 
 A collector and storage tank are combined into one unit. 


 Potable water (generally pressurized tap water) enters at the bottom of the ICS 
collector, and warm water is drawn from the top. 


 Roof structures must be strong enough to support the storage tank. 


 The systems do not need mechanical parts, so it is less expensive than an active solar 
heater and the maintenance requirements are minimal. 


 
DRAIN BACK SYSTEM 
 


 
 Allows for the systems to be used in a variety of climates. 


 Addresses the challenge of buildings potentially being unoccupied for prolonged 
periods, such as during deployments. 


 Increases the complexity and cost of the solar hot water system, and result in higher 
maintenance. 


 Drain back systems are slightly more efficient if water is used in the loop, due to its 
higher thermal capacity. 


 
 
A passive solar domestic hot water system utilizes natural convection to circulate the water.  
They are not as efficient as an active system which uses a pump to circulate the water. Solar 
collector, storage tank, possibly a heat exchanger, controls, circulation pump and a drain back 
system constitute the major system components. 
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Warranty Info  


Code Restrictions 


Warranties vary depending on manufacturer, up to 20 years on certain panels.  


The Unified Facilities Criteria does not allow for direct pure water solar hot water systems to 
be installed in locations where freezing occurs unless there is a drain back system. 
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Guidelines 


SECTION 22 33 30. 00 10 – SOLAR WATER HEATING EQUIPMENT4 


SYSTEM DESCRIPTION. 


Provide a solar energy system arranged for preheating of service (domestic and/or process) water using 


flat plate liquid solar collectors. Include in the system components a solar collector array, storage tank, 


pump[s], automatic controls, instrumentation, interconnecting piping and fittings, [uninhibited food‐


grade propylene‐glycol and water heat transfer fluid in a closed loop], [potable water heat transfer fluid 


in an open loop], [heat exchanger], [expansion tank], and accessories required for the operation of the 


system. 


COLLECTOR SUBSYSTEM 


A. Solar Collector Construction 


Collectors shall be of the flat plate, liquid, internally manifold type. Each collector shall be provided with 


cover glazing, an absorber plate, heat transfer liquid flow tubes, internal headers, weep holes, 


insulation, and a casing. Collectors shall be of weather‐tight construction. Solar collectors shall 


withstand a stagnation temperature of 177 °C (350 °F) and a working pressure of 862 kPa (125 pound 


per square inch) without degrading, out‐gassing, or warping. Collector net aperture area shall be as 


shown and shall be a minimum of 2.6 square meters (28 square feet). Collector length, width, and 


volume shall be as shown. 


B. Absorber Plate and Flow Tubes 


Absorber sheet or plate shall be copper. Top of absorber plate shall be coated with selective surface of 


black chrome and shall have an emissivity less than 0.2 and absorptivity greater than 0.9. Flow tubes 


shall be Type L or Type M copper, and shall be soldered, brazed, or mechanically bonded to the absorber 


plate. Tubes shall be installed on the absorber plate so that they drain by gravity. 


C. Cover Glazing 


Each collector shall have a single layer of cover glazing made of clear float, water white or low iron type 


tempered glass. Glass shall meet ASTM C 1048. Cover glazing shall be completely replaceable from the 


front of the collector without disturbing the piping or adjacent collectors. Cover glazing shall be 


separated from the collector by a continuous gasket made of EPDM rubber. 


4Specification language modified from the Whole Building Design Guide’s Unified Facility Guide 


Specifications, Section 22 33 30.00 10 – Solar Water Heating Equipment. Accessed November 2017 at 


https://www.wbdg.org/ffc/dod/unified‐facilities‐guide‐specifications‐ufgs/ufgs‐22‐33‐30‐00‐10. 


D. Insulation 


Back and sides of the absorber plate shall be insulated. Insulation shall fill space between absorber plate 


and casing and shall have an R value of 4 minimum. Insulation shall conform to EPA requirements in 
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accordance with Section 01 62 35 RECYCLED / RECOVERED MATERIALS and shall be fibrous glass, 


polyisocyanurate, urethane foam, or other material suitable for the intended purpose, and shall 


withstand the moisture, sun exposure, and stagnation temperature limitations of the solar collector. 


Polyisocyanurate insulation shall not come in contact with the absorber plate. 


Solar Collector Performance 


Thermal performance shall be plotted on the thermal efficiency curve in accordance with ASHRAE 93. 


The y‐intercept shall be equal to or greater than 0.68, and the numerical value of the slope of the curve 


(FRUL) shall be between 0 and minus 5.7 watts per square meter per degree K (0 and minus 1.0 Btu per 


hour per square foot per degree F) 0 and minus 1.0 Btu per hour per square foot per degree F. 


Manufacturer's recommended volumetric flow rate and the design pressure drop at the recommended 


flow rate shall be as shown. Manufacturer's recommendations shall allow at least seven collectors to be 


joined per bank while providing for balanced flow and for thermal expansion considerations. 


SOLAR COLLECTOR ARRAY 


A. Net Absorber Area and Array Layout 


Array shall consist of an assembly of solar collectors as shown with a minimum total array aperture area 


of [_      _] square meters (or square feet). Solar collectors shall be assembled as shown in banks of equal 


number of collectors. Banks shall consist of no less than 4 and no more than 7 collectors each. Collector 


array shall be oriented so that all collectors face the same direction and are oriented within 20 degrees 


of true south and with respect to true south as indicated. Collectors arranged in multiple rows shall be 


spaced so that no shading from other collectors is evident between 1000 hours and 1400 hours solar 


time on December 21. Minimum spacing between rows shall be as shown. 


TRANSPORT SUBSYSTEM 


A.  Heat Exchanger 


The heat exchanger construction and testing shall be in accordance with ASME BPVC SEC VIII D1.  


Minimum design pressure rating shall be 125 pounds per square inch (862 kPa).  Heat exchanger shall be 


capable of returning a hot‐side exit temperature of 120°F (49°C) or less given a hot‐side approach 


temperature of 140°F (60°C) and a cold‐side approach temperature of 100°F (38°C).  Heat exchanger 


shall be capable of withstanding temperatures of at least 240°F (116°C) of at least 116°C (240°F). Heat 


exchanger shall be capable of operation at the flow rates as shown. 







Solar Thermal 
[Case Study] 


Project Location  Camp Pendleton, Oceanside, CA 
Project Name  Marine Corps Base 


Description  FACILITY 


U.S. Marine Corps Base Camp Pendleton is the largest expeditionary 
training facility on the West Coast. It accommodates more than 41,500 
marines and family members, with a daytime population of approximately 
100,000. It is located in climate zone 4.  


The Camp Pendleton training pools provide daily training for Marine Corps 
personnel year round. The pools have a capacity of 500,000 gallons each 
and typically use natural gas for water heating and electricity for pumps and 
other mechanical equipment. 


Technologies Used  APPROACH 


In the summer of 1995, a pilot study was completed. An inactive solar pool 
heating system for $10,000 was installed. The collector array has 2,560 
square feet of unglazed collectors using copper pipes. In 2007, the base 
implemented two integrated solar thermal/PV systems at its 53 Area and 62 
Area training pools. Each pool is equipped with 152 SHW collectors 
(covering 6,384 square feet) and 108 PV modules.  


RESULTS 


 The pool chosen as a pilot project is currently used only 3‐4
months. If the pool was used year‐round, it would save $8,000 per
year in natural gas.


 At 53 Area and 62 Area training pools, each solar thermal collector
produces 39,400 Btu of energy each day, resulting in combined
annual energy production of 4,371 million Btu (MBTU) for both
arrays. This eliminates the annual consumption of 54,726 Therms of
natural gas for heating the two pools.


 The total cost of the integrated solar hot water/photovoltaic arrays
was $1.1 million, with annual energy cost savings of $101,600. The
project received a utility incentive of $90,285 and the payback
period is 10 years


 The installed cost was approximately $172.31 /ft2 of collector area.







Solar Thermal 
[Case Study]


(Source: http://www1.eere.energy.gov/femp/pdfs/46348.pdf) 
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Brief Description 
Hydropower presents a means of producing electricity without the use of fossil fuels.  In any flow of 
fluid, energy is present in the form of pressure and flowrate.  Hydropower relies upon turbines that have 
been hydraulically designed to respond to the pressure (referred to as ‘head’) and flowrate of a stream 
of water.  Microhydropower refers to hydropower installations with capacity of less than 100 kW.  Such 
installations, if applied under the right conditions, offer a clean alternative energy source. 


Design 
Notes 


COMMON TERMINOLOGY 


• Flow(rate) – flowrate refers to the volumetric flow of water in a given stream or
through a given conduit.  Flowrates for a given waterway may be found from a
variety of sources, such as the United States Geologic Survey (USGS) and the Corps
Water Management System (CWMS).


• Head - the pressure aspect of hydropower is commonly referred to in terms of
feet of water (‘head’), or the difference in free surface elevation between the
upstream (forebay) and downstream (tailwater) sides of a dam or small pond.


• Energy – the capacity to perform work.  Energy comes in several forms – potential,
kinetic, chemical, nuclear, electrical; in the case of microhydro, the goal is to use
turbines to extract the potential and kinetic energy of the water and convert it to
electrical energy for consumption.  The most commonly used unit of energy for
this application is kilowatt-hours (kWh).


• Power – the rate of energy flow or the quantity of energy produced per unit-time.
The most common unit of power for this application is kilowatts (kW).  A 50-kW
microhydropower turbine is capable of producing energy at a rate of 50 kWh per
hour.


CATEGORIES OF HYDROTURBINES 


There are two basic categories of hydro installation: closed conduit and open channel. 


OPEN CHANNEL microhydro turbines  include the following types and would be applicable 
under the following generalized site characteristics: 


• Hydrokinetic turbines – turbines arranged in open streams, driven only by the
velocity of the stream.
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• Archimedes screw turbines – unlike hydrokinetic turbines, Archimedes screws are
designed to utilize a site with some change in head.  Archimedes screws, as shown
in image (a) on the following page, rely on the installation of an open chute.  In
operation, they rotate slowly and require a gear box to step up the rotational
speed of the generator.


    (a)  Archimedes Screw1  (b)   Hydrokinetic free-flowing river application2


         (c)   Hydrokinetic canal application2 


CLOSED CONDUIT hydroturbines are those that feature a pressurized passageway to 
deliver flow to the turbine.  These passageways or conduits are commonly known as 
penstocks, but for small scale applications, common diameters of piping may suffice. 
Closed conduit turbines would be applicable under the following generalized site 
characteristics: a dam with a discharge pipe, a pipe with a pressure reducing valve, or a 
pipe with an elevation drop, such as near a waterfall or at an outfall from a water 
treatment facility.  Closed conduit hydroturbines may be subcategorized into reaction and 
impulse turbines: 


• Reaction turbines – Francis, Kaplan, fixed-blade axial flow (propeller) turbines,
crossflow, pumps-as-turbines, and various novel designs for microhydro
applications.  Reaction turbines are subjected to pressurized flow.


• Impulse turbines – Pelton, Turgo wheels.  Impulse turbines utilize nozzles which
convert the pressure (potential) component of the energy of a stream into velocity
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(kinetic) energy.  An impulse turbine then captures the kinetic energy of the 
stream emerging from the nozzle(s). 


   (d)   Ossberger Crossflow3 (e) Voith StreamDiver4 


SITE SCREENING 


These design notes address the considerations necessary to evaluate a site’s suitability for 
microhydro.  These ‘site evaluation considerations’ may be employed as the initial step of 
a feasibility analysis.  The following subsections will detail the necessary site evaluations, 
but as a general roadmap to the evaluation process, consider the following: 


1. Army or USACE installation identifies and screens a potential site
2. Installation contacts relevant USACE District for scoping discussion
3. Scoping discussion and additional screening determine the next steps


• At this point, the USACE District may consider engaging the USACE
Hydroelectric Design Center (HDC).  HDC is the mandatory center of
expertise performing planning, engineering and design, maintaining
expertise, and developing standards for USACE hydroelectric facilities and
large pumping plants.  In regards to microhydro, HDC can advise on
generation capability, economic analysis, hydropower planning,
engineering and design, powerhouse equipment selection, data acquisition
and control systems, support for construction and operations, and
development of plans and specifications.


4. If the potential site continues to show merit for microhydro potential, move
forward with the project process, including management by a team that is:


• Lead by a District Project Manager
• Staffed by a multi-disciplined team
• Guided by multiple points of ‘go/no-go’ decisions
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The following sub-sections address the additional considerations necessary for site 
screening. 


RULE-OF-THUMB SITE ATTRIBUTES 


There are many factors that may determine the suitability of a site for the installation of 
microhydro.  The initial screening for site suitability must include an analysis of both 
technical feasibility (does the site have flow and head characteristics conducive to 
development?) and installation feasibility (does the site have existing infrastructure to 
facilitate the addition of microhydro, or would extensive civil work be necessary to make 
it possible?).  Without a complementary combination of head, flow, constructability, and 
operability, a microhydro inquiry should not proceed to the scoping stage. 


GENERAL ATTRIBUTES OF A GOOD SITE 


• High head – high head sites (particularly those with significant elevation change in
a short distance) provide the opportunity for hydro generation that requires very
minimal amounts of flow


• Minimal disruption or intrusion on flowing stream/river – some portion of the flow
can be diverted without significantly altering the existing waterway


• An existing dam – existing dams that do not already feature hydro facilities may
offer possibilities for microhydro.  Of particular note are dams that include an
outlet conduit or other auxiliary pipe that is pressurized.  Note that the outlet
works of dams typically use lined tunnels not designed for pressurized flow.  An
unused connection for a municipal water system is one example of a pressurized
auxiliary pipe sometimes present as an existing feature of a dam


• Close to grid connection point or proximity to load
• Reliable flows – consistent flowrates are a positive attribute, as excessive variation


in flow necessitates more complex control mechanisms
• An irrigation canal with sufficient flow – hydrokinetic turbine installations require


a minimum cross-section, as well as a minimum water velocity


GENERAL ATTRIBUTES OF A DIFFICULT SITE 
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• Requires impoundment of a free-flowing stream – redirecting or altering a free-
flowing stream requires review by Federal, State, and local environmental
authorities, and may not be allowable depending on the nature of the installation


• Requires diverting a substantial amount of flow from a stream – see above
• Large distance to grid connection point or load – the cost of transmission line


installation
• Endangered species or migratory fish in the water
• Access is difficult or site is remote
• Dam has existing hydropower or a pending FERC license


THE IDEAL FLUID POWER EQUATION 


If a site meets some of the above qualitative criteria, its generation potential can be 
approximated as a next step.  The following equations are expressions of the ideal power, 
P, available in a flowing stream of water.  The power captured by a hydroturbine 
generating unit would then be a fraction of these calculated ideals, reflective of the 
efficiency.  70% is a reasonable assumption, but some microhydro units in the sub-10 kW 
range may have efficiency values as low as 50%. 


𝑃𝑃 = 𝐻𝐻𝐻𝐻
11.8


 𝑃𝑃 = 𝐻𝐻𝐻𝐻
5305


𝑃𝑃 = 𝑝𝑝𝐻𝐻
5.12


     𝑃𝑃 = 𝑝𝑝𝐻𝐻
2299


Where:  P = power in kW       𝑝𝑝 = pressure in PSI  
H = head in feet (ft)        Q = flowrate in cubic feet per second (CFS) 


𝑞𝑞 = flowrate in gallons per minute (GPM) 


The above equations can be employed as an early screening step in assessing a site’s 
suitability for microhydro, while remaining aware of the additional qualitative assessment 
factors.  For instance, if an existing dam has a pressurized outlet pipe without a 
designated function, one of the above equations can be used to estimate the possible 
power available via that pipe. 


Conversely, if one were to apply the above equations to a dam that does not feature a 
pressurized outlet (or some other means of utilizing the gross head differential), the 
economics of the civil construction will likely overwhelm the benefit of the added 
generation. 
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The following figure, “Turbine Selection,” shows a variety of common turbine types, and 
plots the envelopes (ranges) of head and flow across which those turbines are typically 
applied.  For instance, if a site has an average flow of 5 cfs at an average head of 50 ft, a 
pump-as-turbine (PAT) may be an option.  Cornell Pumps is one manufacturer of PAT’s.  
Refer to ‘Vendors’ under the ‘Product and Economics’ section, below.  Manufacturers 
create performance curves (power output based on combination of head and flow) for 
their turbines; these can be found online or requested from the manufacturer. 


 (f)   Turbine application ranges by type, as a function of flow and head range.  “Low 
Head” refers to the novel range of turbines developed specifically for microhydro and 
employed in conditions with less than 10 feet of head.  Note that, in general for the more 
common turbine types, Kaplan turbines are applied at the lower range of head but across 
a broad range of flow; Francis turbines utilize slightly higher head and high flow; and 
Pelton wheels utilize very high head and low flow conditions. 
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GENERATION AND LOAD 


In conjunction with the turbine-specific considerations, site screening (and more in-depth 
feasibility analyses) must consider how the generation is connected and applied to a load.  


One of the simplest arrangements for low power outputs (0-10 kW) is to utilize a DC 
generator that charges a battery bank.  The battery bank in turn could provide DC power 
or be inverted to AC depending on the desired connection and load. 


In general, the generation may be applied in one of the following scenarios: 
• Isolated generation supplying isolated load
• Generation connected to the distribution grid
• Generation connected to the grid, plus serving as back-up to an isolated system


when the grid goes down


Large scale hydro installations typically utilize direct-drive synchronous generators.  For a 
microhydro installation, direct-drive synchronous generators are expensive and 
technically complex to install due to the large machine size necessary to achieve 
operation at synchronous speed given turbine speed requirements.  For microhydro, DC, 
induction, and PMG generators are better suited.  Depending upon the speed 
characteristics of the turbine required and the intended load, some means of modifying 
the speed of the generator may be necessary.  Speed increasers, power electronic 
converters, and variable speed generators may be options in these cases.  In the end, the 
decision on the type of generator to be used will be a result of analysis of the resource 
available (amount of power, speed, etc.), the intended load (isolated load, battery 
charging, grid connected, etc.), and the budget allocated for the project. 


ELECTRICAL CONTROLS 


Electrical controls are necessary for safe and reliable operation of hydropower units.  
These control functions may include control of the mechanical operation, control of 
breakers to properly connect and disconnect the unit from its load or grid connection, 
monitoring diagnostics for unit function and performance, and ensuring the unit can shut 
itself off during abnormal conditions via protective controls. 


Traditional hydropower features governors that control the supply side of the 
generation/load system.  With microhydro, it is possible to include controls or governors 
that address the demand side of the equation.  In other words, it is possible to either limit 
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the load (to batteries, for instance) or introduce a load that dissipates any un-utilizable 
generation.  There are manufacturers of control systems with a focus on microhydro.  
Beyond balance of the generation and/or load, the following considerations may be 
included in the control scoping for a microhydro units: 


• Protection systems for overspeed events or overheating
• Controls for remote monitoring and operation
• Evaluation of complexity and cost in relation to the extent of control mechanisms
• Analysis of the potential for cybersecurity risks related to the connectivity of


control systems


TRANSMISSION AND SWITCHING 


Transmission and switching are features that must be evaluated in conjunction with the 
target load, control mechanism, and turbine unit sizing.  If the microhydro generating unit 
is located at a significant distance from its load or grid connection, site and application 
conditions may require transformers and transmission lines.  To avoid costly transmission 
equipment, the optimal set of conditions would include: 


• The placement of the generating unit adjacent to its load
• Utilizing the generated electricity to charge a battery bank, which in turn supplies


electricity to a relatively constant load


NON-TECHNICAL HURDLES TO HYDROPOWER 


In addition to the technical aspects of site screening, the following items require 
consideration: 


• Legal authorities for environmental considerations, water usage, property rights,
and endangered species protection


• Authorized purposes of facility:
o Local water rights
o Flood control
o Power production – note that in circumstances wherein USACE-owned


dams do not already feature grid-connected electrical generation, USACE is
prohibited from installing grid-connected generation capacity


o Navigation
• Permitting:


o Environmental Protection Agency (EPA)
o National Environmental Policy Act (NEPA)
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References 


o Endangered Species Act (ESA)
• Costs of operation and maintenance


IMPLEMENTATION SCHEDULES 


• Highly variable depending on site
o Possibly as short as 6 months
o More likely 1-3 years; longer if NEPA and EPA permitting is required


• Equipment may be either pre-engineered or custom made
o For very small (1-3 kW) units, complete off-the-shelf equipment packages


are readily available
o For larger units, very little is off-the-shelf; that equipment which is


available off-the-shelf would need to be adaptable to the unique
characteristics of a site, and without being optimized to a given site, would
be subject to lower efficiencies than a custom-engineered unit


1. Source: Western Renewable Energy   http://www.westernrenew.co.uk/wre/home
2. Source: Instream Energy Systems     https://www.instreamenergy.com/
3. Source: Ossberger     http://www.ossberger.de/cms/en/hydro/the-ossberger-turbine-for-


asynchronous-and-synchronous-water-plants/
4. Source: Voith      http://voith.com/en/products-services/hydropower/streamdiver-


55362.html



http://www.westernrenew.co.uk/wre/home

https://www.instreamenergy.com/

http://www.ossberger.de/cms/en/hydro/the-ossberger-turbine-for-asynchronous-and-synchronous-water-plants/

http://www.ossberger.de/cms/en/hydro/the-ossberger-turbine-for-asynchronous-and-synchronous-water-plants/

http://voith.com/en/products-services/hydropower/streamdiver-55362.html

http://voith.com/en/products-services/hydropower/streamdiver-55362.html
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Energy Savings ENERGY SAVINGS 


Generation capacity determines energy savings; refer to the power equation 
presented on page 4.  The scale of the installed hydropower capacity contributes 
directly to reduced consumption of non-renewable energy and to reduced 
expenditures for commercial electricity consumption (assuming the installation 
functions in an energy independence role for its parent facility).  Site suitability and 
sizing of a microhydro installation determine the potential for a return on investment 
(ROI).  Where an ROI is not the primary concern, other ancillary benefits may be 
considered. 


THE BENEFIT EQUATION 


Total Benefits = Energy Generated – Construction Costs – O&M Costs + Ancillary 
Benefits 


• Engineers can provide analyses of Energy Generated and Construction Costs


• The value of Ancillary Benefits must be identified and quantified with the
customer


o National and Army policy objectives, such as energy security, energy
use reduction, and greenhouse gas emission reductions are examples of
ancillary benefits


Energy and 
Environmental 
Impact 


The addition of microhydro generation is beneficial in terms of the pursuit of 
energy independence and reduced reliance on fossil fuel-based energy sources.  
However, in the majority of arrangements, hydropower does require some extent 
of manipulation or redirection of waterways.  A hydropower installation’s 
environmental impact must be considered with regards to various federal policy, 
including the Clean Water Act and Endangered Species Act, as well as state and 
local policy. 


Guideline 
Principles 


NetZero 
• The Department of the Army introduced the Net Zero strategy in 2010, laying


forth a goal of achieving energy security and sustainability. 
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• A “Net Zero Energy Installation” is an installation that produces as much
renewable energy onsite as it uses over the course of a year


Low Impact Hydropower Institute (LIHI) 
• The Low Impact Hydropower Institute is a non-profit organization that


promotes and certifies small scale hydropower installations that have been 
implemented with an approach that reduces environmental impacts 


• Criteria for LIHI certification include:
o Ecological flow management
o Water quality protection
o Fish passage
o Threatened and endangered species protection
o Watershed and shoreline protection
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Product images 


Payback 


Vendors 


(i) Cornell skid-mounted pump-as-turbine unit.  Cornell PAT’s are but one example of small, 
ready-for-install turbine and generator packages available for less than $20,000.  


However, costs for the remaining features of an installation may cause the total price to 
vary widely. 


• It is not common to find a microhydro site that would offer a traditional
financial payback; up-front engineering and construction can be expensive –
refer to the general characteristics of good sites and bad sites, above


• The cost of engineering, construction, and maintenance of a microhydro
system should be compared to the cost of other energy sources:


o The cost per installed kilowatt capacity of microhydro may vary
significantly depending on the site conditions.  In instances where
microhydro installation is difficult and expensive, solar arrays or wind
turbines may offer a more feasible and affordable renewable energy
source


• Payback must factor in the contribution of maintenance costs, for both
replacement, consumable, and spare parts, as well as labor hours for the staff
performing maintenance work.


• The amount of power generated by a microhydro installation contributes to
the return on investment calculation by determining the equivalent cost of
that electrical energy if simply purchased from the local utility


MICROHYDRO SITE SERVICES CONTRACTORS 


• Andritz Hydro
• Canyon Hydro
• Mecamidi



http://www.andritz.com/no-index/pf-detail?productid=34095

http://www.canyonhydro.com/products/products.html

http://www.mecamidi.com/mecamidi_services--EN
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Cost Range 


Components 


• Toshiba
• Voith
• Western Renewable Energy


MICROHYDRO EQUIPMENT MANUFACTURERS 


• Andritz Hydro
• Canyon Hydro
• Cornell Pump
• Gilkes
• Hydrovolts
• Instream Energy Systems
• Lucid Energy
• Mavel
• Mecamidi
• Natel
• Nautilus Water Turbines
• Obermeyer Hydro
• Ossberger
• PowerSpout
• Scott Hydroelectric
• Seabell
• Toshiba
• Voith


Cost is variable depending on the complexity of the site and size of the microhydro 
turbine generator to be installed.  Civil construction work contributes significantly to 
this variability.  For sites that do not require extensive work, a variety of turbine and 
generator systems in the sub-25 kW range are available for less than $20,000.  
However, note the overall cost must factor in the installation efforts along with the 
auxiliary components listed below. 


As described in the Design Notes Section, the major subsystems of a microhydro 
system include: 


• Water intake conduit with associated valves
• Turbine
• Generator
• Control system



http://www.tic.toshiba.com.au/product_range/

http://voith.com/en/products-services/hydropower/streamdiver-55362.html

http://www.westernrenew.co.uk/wre/home

http://www.andritz.com/no-index/pf-detail?productid=34095

http://www.canyonhydro.com/products/products.html

http://www.cornellpump.com/pump-products/hydroturbines/

http://www.gilkes.com/hydropower

http://hydrovolts.com/

https://www.instreamenergy.com/

http://lucidenergy.com/

http://www.mavel.cz/turbines/tm-micro-turbines

http://www.mecamidi.com/reference_hydraulic_power_plants_micro--EN

http://www.natelenergy.com/turbines/

http://www.waterturbine.com/products/ultra-low-head-turbines/index.php

http://www.obermeyerhydro.com/node/48

http://www.ossberger.de/cms/en/hydro/the-ossberger-turbine-for-asynchronous-and-synchronous-water-plants/

http://www.powerspout.com/

http://www.scotthydroelectric.com/

http://www.jagseabell.jp/english/service/index.html

http://www.tic.toshiba.com.au/product_range/

http://voith.com/en/products-services/hydropower/streamdiver-55362.html
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• Switchgear and transmission lines, inverters, energy storage systems, and
transformers – note that these are expensive components; for example,
battery storage equipment with an inverter on the order of 10 kW could
$20,000 by itself, while transformers in the 10 kW range may be a few
thousand dollars


• Shed or containment (powerhouse) for the generation unit and control panel
• Trash rack and other intake exclusion components - note that the amount of


debris present in a stream also contributes to O&M costs and considerations
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Project Location Neosho River, Burlington, KS 


Project Name John Redmond Dam 


Year Built / 
Time Period of 
Study 


2014 (Study; unbuilt) 


Description of 
Microhydro 
Project 


USACE’s Tulsa District (SWT) commissioned a study for the feasibility of a 
hydropower installation at John Redmond Dam.  John Redmond Dam was 
built as a flood control facility on the Neosho River in southeast Kansas. 


John Redmond Dam features three separate discharge conduits capable of 
handling pressurized flow.  Mead and Hunt analyzed John Redmond from 
the perspective of maximizing electrical output, and providing said output 
to the local utility.  The study indicated that 106 kW was achievable, and an 
installation of that scale could be installed at John Redmond for $2.3 
million.  However, two key considerations prevented this project from 
proceeding: 


• USACE is prohibited from adding generation to contribute to the grid
from currently non-powered dams 


• 106 kW greatly exceeds the onsite electrical power requirements for
John Redmond Dam’s existing project operations 


Technologies 
Used 


Assuming that John Redmond Dam is assessed from the perspective of 
electrical self-sufficiency versus commercial power production, the project 
has the capacity to be outfitted with a hydropower unit sized to the onsite 
needs and installed at a fraction of the $2.3 million estimated for the higher 
output facility.  The following considerations make John Redmond Dam a 
viable option for the addition of hydropower: 


• The existence of unused, pressurized outlet conduits
• The potential powerhouse site is close to a target load to which the


generation can be applied
• The downstream end of the pressurized conduits are well situated


for the addition of a small powerhouse and its ancillary components
• The site features a minimum sustained flow of 40 cfs
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(j) John Redmond Dam 
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Project Location 


Project Name 


Year Built/ Time Period 
of Study  


Description  
of Microhydro Project 


Air Force Academy 


U.S. Air Force Academy – Site Investigation for Potential Hydropower 
Opportunities 


2009 (Study; unbuilt) 


In 2009, Hydropower Specialists from the Corps of Engineers 
Hydroelectric Design Center met with representatives of the Air 
Force Academy to investigate and discuss the options for installing 
Hydroelectric Generating capability at the Air Force Academy. Six 
different schemes for installing hydropower were discussed, 
including:  


(1) Energy recovery from the potable water supply to the 
Cadet area (classrooms/dorms/school administrative area) 


(2) Energy recovery from the grounds irrigation system 


(3) Energy recovery from the Cadet Area wastewater systems 


(4) Development of conventional Hydropower generation 
using water from the Stanley Canyon Dam and Stanley 
Canyon watershed 


(5) Use of non-treated water from Colorado Springs Utility’s 
Tesla Hydropower facility as irrigation water for Academy 
Grounds 


(6) Recovery of energy from the 48 inch and 90 inch potable 
water mains originating at the McCulloch and Pine Valley 
water treatment plants.  


Most of the proposed schemes were deemed not viable.  The basis 
for this determination included: 


• Diversion of water
• Insufficient flowrate
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• No available/net pressure available for hydropower
generation


Item (5) above, the use of non-treated water from the Tesla 
Hydropower facility as irrigation water for Academy Ground was the 
only option deemed a possibility.  


The use of the non-treated water from the Tesla facility required 
further study to address the following: 


(1) Cost of obtaining the water from Colorado Springs Utilities 


(2) Is there sufficient elevation drop from the Tesla Tailrace to 
the Academy’s irrigation system to make this possible 
without pumping 


(3) Cost of building a pipeline from Tesla to an appropriate 
termination location on Academy ground 


(4) Visual impact of a pipeline 


(5) The possibility of assigning the water rights to the 
Academy’s Irrigation Wells over to Colorado Springs 
Utilities 


(6) What to do with the wastewater that is no longer disposed 
of by irrigation. 
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Project Location Arden Hills Army Training Site, MN (AHATS) 


Project Name Minnesota Arden Hills Army Training Site Micro-Hydro Groundwater 
Recovery System – 30% Preliminary Design 


Year Built / 
Time Period of Study 


2016 (Study; unbuilt) 


Description of 
Microhydro Project 


AHATS is a National Guard facility in Minnesota that features a 
groundwater treatment facility.  The effluent from the treatment 
process is pumped out from the facility over the course of 
approximately one mile.  The final run of the discharge lines are gravity 
fed.  A study was undertaken by ERDC/CERL, HDC, and others to 
determine the viability of using that final gravity-fed run to produce 
approximately 25-30 kW of electrical power. 


Following analysis, the plan was suspended based on the following 
assessments: 


• Existing pipes on the gravity-fed run of the discharge are not
designed to be pressurized


• Adapting the turbine to handle the cycling of the discharge
pumps requires a periodic electrical load demand or complex
control and valve scheme


• Electrical transmission will be more costly than other
generation sources


• Cost per installed kW of generation capacity exceeds other
generation sources


• Requirements for design, construction, and maintenance
exceed such requirements for other alternative energy sources
of similar capacity
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Photo(s) 


(k) The final run of the discharge pipes at the Arden Hills Army Training Site in Minnesota.  The 
proposal was to use the existing pipes, shown above, as penstocks feeding a 25-30 kW hydro 
turbine. 
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Brief Description  The concept of utilizing the excess heat from reciprocating engines has been around since the 
first automobiles, which used some of  this waste heat  for  the passenger space temperature 
control.  In commercial applications, the concept of “Combined Heat and Power” (CHP) has not 
had a strong backing until the last few years, when the cost of energy and sustainability concepts 
became wide spread.  Recently, major manufacturers of engine driven generators have started 
offering complete CHP systems. 


Combined Heat and Power (CHP) is fundamentally using the waste heat from a prime mover 
driving an electrical generator or a mechanical load, to augment thermal needs.  This is different 
than co‐generation which uses this waste heat to generate additional electricity. 


CHP systems can be either internal combustion or external combustion heat engines used to 
generate power.   A  portion of  their  unused heat  is  captured and utilized  to  augment other 
thermal needs.  


Internal combustion engines can be reciprocating engines or combustion turbines.  An external 
combustion system is typically a boiler which produces steam to drive a steam turbine. 


Most drivers are 30 to 40% thermally efficient, leaving a considerable amount of waste heat.  
The specific driver type determines both the amount of excess heat as well as the 
temperature available. With CHP, typical fuel cycle efficiencies of 30 to 40% can be increased 
to 60 to 70%. 


Applications 


Pittfalls 


An ideal CHP candidate would be a 24/7 operation with relatively flat electrical and thermal 
loads.  Hospitals, prisons and laundry facilities are prime examples.  The best suited 
applications are where electrical utilities are high and gas prices are low. There are a number 
of reasons where liquid or solid fueled systems simply cannot compete with gaseous fueled 
systems 


To achieve the most benefit from any CHP system, it should be sized based on a large baseline 
thermal load duration for at least 7000 operating hours per year coupled with a matching 
electrical load profile which is the easier of the two to identify. 


Common pitfalls include the following: 
Inadequate Feasibility Analyses 
Inaccurate Site Engineering Data 
Incomplete Financial Data 
Inexperienced CHP Evaluation/Design Team 
Failure to coordinate early on with local Utility Company and Environmental Agencies 
Did not implement conservation first, CHP second 
Did not consider factors that enhance CHP 
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Did not consider installation strategic plan 


SIZING THE SYSTEM 


 The initial consideration should be determining the thermal loads and establishing a
thermal load profile for each month of the year. Next, the temperature of the thermal
requirements needs to be determined.  The requirement could be hot water or steam.
If it is steam, the temperature and pressure required must also be determined.


 The thermal requirements and the electrical requirements are then used to size the
unit as well as for the selection of the most suited driver


DRIVER SELECTION 


 The selection of the driver will depend upon the type, size and temperature of the
thermal loads. Another factor includes the Thermal/Power Ratio (T/P) in making a
selection. For 1‐10 T/P consider gas turbines. For 0.5‐1.5 T/P consider reciprocating
engines.


 There are a number of factors which dictate the type of driver most suited for a
specific application.  While internal combustion reciprocating engines provide good
fuel economy and are well suited for varying electrical loads and part load
applications, they do have drawbacks.  Turbocharged units must be loaded to 40% or
more to provide adequate energy to the turbocharger.  They are also limited to
extracting low temperature heat from the jacket water and oil cooling water systems.


(Below 210°F).  Exhaust heat recovery is limited to cooling the flue gas to no less than


350°F to prevent acid formation. (Exhaust heat accounts for approximately 33% of
the excess heat)


 Attempts to ebulliently cool reciprocating engines have led to cracked heads, cracked
blocks and severe valve train maintenance.  This should be avoided!


 Internal combustion turbines suffer high maintenance costs when applied in varying
load or start /stop operation.  They are best suited for a constant load and extended
operational periods.  The recoverable waste heat is from the exhaust and typically can
provide substantial temperatures required for steam production.  The negative side of
turbines is high fuel consumption and de‐rates for altitude and temperatures.


Consider long term service contract for gas turbines that include 40,000 hour major 
overhaul.  
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OTHER CONSIDERATIONS 


 Selecting the proper system for a specific application should also include minimal
maintenance costs and high availability.


 The correct type of system should be sized not to exceed the thermal needs.  While
there are multiple fuels available, the preferred fuel is natural gas.  The main
advantages are elimination of storage and subsequent refilling. Another advantage is
gas is billed as it is consumed not in advance.


 The power demand and the thermal requirements should occur simultaneously and
not alter more than 10%.  They should remain simultaneous at least 51% of the time
with 100% being preferred.


 Since the electric power is generated first and excess thermal energy is recovered for
use, the chief controls should be on the electrical load side.


 Depending on climate, thermal needs may be much lower during the summer. Using
thermal energy to provide cooling using absorption chillers should be coordinated
with the DPW. Operation and maintenance of absorption chillers requires experienced
personnel. Finding thermal loads during summer months can be a huge challenge and
should be addressed early on as required to make the project cost effective.


 Gas Turbines typically require 250 to 700 psig. Available natural gas pressure is usually
around 50 psig so a compressor will usually be required.


CHP RULES OF THUMB 


Rule 1.  Do not cool the exhaust gases below 350°F due to acid formation. 


 The recoverable heat can be calculated using the difference in enthalpy of exhaust gas
at actual temperature and at 350oF.


Rule 2.  All internal combustion engines require approximately 7 pounds of air per horsepower 
regardless of type and fuel. 
Rule 3.  For reciprocating units, the amount of inlet air is approximately: 


 For four cycle engines, Intake CFMi = CID x RPM / 3456 x Ev
 For two cycle engines,  CFMi = CID x RPM/1728 x Ev
 Where: CID is the cubic inch displacement. RPM is the revolutions per minute. Ev is the


volumetric efficiency.
Rule 4. For reciprocating units, the exhaust flow in CFM is approximately: 


 CFMe =Te(°R)/560 x CFMi.  Note: 560 is the rounded off conversion of °F to °R, °F +
(459.6667) = °R


 Where: Te is the anticipated exhaust temperature (measured or from below)


 Exhaust Temperatures:


Diesel naturally aspirated four cycle 1,000°F 
Diesel Turbocharged four cycle 900°F 
All natural gas units 1,200°F 


 Air density ρ = (14.696 x 144)/(53.35 x 459.667) or 0.0763312 lbm/ft3 @STP


 STP is standard temperature pressure 60°F and 14.696 psia.
 The average specific heat for exhaust gases is 0.2806 BTU/lbm‐°F.


Rule 5.  For reciprocating units, the pounds of exhaust per hour is approximately: 
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 Lbm‐hr. = 4.57987 x CFMe


Rule 6.  The available heat which can safely be recovered is: 


 Q = 0.2806 x (Te‐350) x lbm‐hr.


 Where Q is in BTU and Te is °F
Rule 7.  For reciprocating units, the lubricating oil should run 15°F hotter than the jacket 
water. 
This is to assure normal running clearances.  Over cooling of the lube oil can cause pistons and 
rings to seize.  
Rule 8.  Maintain a 15 to 20 degree temperature rise across the engine jacket water system in 
reciprocating engines.  Oil temperatures must remain about 10 to 15 degrees hotter than the 
water temperature to prevent seizures. High temperature differentials can also lead to 
seizures. 


Some issues with reciprocating engine heat recovery include about 1/3 of the input heat is in 
the jacket water and oil cooling loop.  This has severe limits as to how high a temperature can 
be extracted.  The exhaust system also contains about 1/3 of the input heat and is limited to 


cooling the exhaust gases to about 350°F. 


Gas Turbine performance factors include inlet pressure drop, outlet pressure drop, elevation, 
water injection and ambient temperature. Gas turbines provide high temperature waste heat 
in the range of 700 to 1000 deg F. The heat rate (Btu/kWh) ranges from 9000 to 20,000 (LHV). 


Self‐generation is a very close technology and has been utilized for several decades.  Likewise, 
waste heat recovery has also been in practice for decades.  The uniqueness of CHP is the 
combining of these two technologies.  Examples of similar forms of heat recovery are 
turbochargers and recuperated cycle combustion turbines. 


1. (CHP) Technology Potential in the United States – Department of Energy.


https://www.energy.gov/.../CHP%20Technical20%Potential20%Study%203‐31‐


2016 


2. Evaluation of Combined Heat and Power Technologies for…


https://www.cwwga.org/.../121_evaluationCHPTechnologiespreliminary[1].pdf


3. Distributed Generation and Combined Heat & Power System…‐EIA


https://www.eia.gov/analysis/studies/buildings/distrigen/pdf/dg_chp.pdf


4. Catalog of CHP Technologies  Combined Heat and Power (CHP…


https://www.epa.goc.chp/catalog‐chp‐technologies
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Energy Savings 


Social Benefits 


While employing a CHP system does not reduce the energy requirements of a facility, it does 
provide a more efficient method of providing electrical and thermal energy at lower costs.  
The amount of savings realized will depend on the type system selected, the selection of 
either electrical or thermal load as the control, local utility rates and the cost of compliance 
with local, state and federal regulations.  The installed cost and the continual maintenance will 
also depend on local labor rates. 


The associated social benefits are derived from lowered purchase of thermal energy.  In turn, 
this reduces CO2 and water consumption.  Each individual utility provider has an associated 
water use and emission release per generated kWh.  The thermal energy provided will reduce 
CO2 emissions, and perhaps water depending on the existing utility for generating the thermal 
load. 


Energy Impact 


Environmental 
Impact 


While CHP does not impact the onsite energy consumed, it does provide the Heat and Power 
at a reduced cost and reduced transportation losses.  Source energy for electricity is 3.14 
times the site demand and natural gas for heat is 1.05 times the site consumption.  Utilization 
of waste heat recovery and power generation on site reduces the implied total energy impact.  
The CHP higher potential efficiencies offer the generation of power with less energy use. 
Typical overall efficiency for separate power and heat generation average about 45 to 50%.  
Reciprocating engine CHP systems range from about 70 to 85%, combustion turbine systems 
from 50 to 70%. 


Each location is supplied power from a combination of different generation sources.  These 
may include coal, oil of gas fired plants, hydropower, wind power etc.  In turn, each specific 
location will have an associated CO2 output and an associated water consumption associated 
with the generation of power.  Therefore, each individual CHP application must be evaluated 
against the impact of that locations purchased power and generated heat. 
Newer lean urn technologies may offer reduced total emissions as well. 


Guideline 
Principals1 


Associated 
LEED Credits 


While the Energy Independence and Security Act (EISA) 2007 and Energy Policy Act (EPAct) 
2005 address energy conservation and funding options, it does not specifically address 
requirements for CHP systems.  Executive orders 13424 and 13514 were revoked by EO 13693 
on March 29 2015.  The later EO addresses energy reduction techniques to include CHP. 


Methodology for Modeling Combined Heat & Power for EAp2/c1 in LEED 2009 
http://www.usgbc.org/resources/methodology‐modeling‐combined‐heat‐amppower‐eap2c1‐
leed‐2009 


Properly sized CHP systems can result in high efficiency and significant overall energy 
reduction.  The total contribution from the CHP system must first be added to any other 
renewable energy sources for the facility.  It is the total reduction that dictates the actual LEED 
points achieved. 
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☒ Energy and Atmosphere (LEED 20092 BD+C) 


 EAp2 Minimum Energy Performance (Required)


 EAc1 Optimize Energy Performance (1‐19 points)


☒ Energy and Atmosphere (LEED v43 BD+C) 


 EAp2 Minimum Energy Performance (Required)


 EAc2 Optimize Energy Performance (1‐18 points NC)


References  1. Guiding Principles for Federal Leadership in High Performance and Sustainable


Buildings www.wbdg.org/pdfs/hpsb_guidance.pdf


2. USGBC LEED Reference Guide for Green Building Design and Construction, 2009


Edition


3. USGBC LEED Reference Guide for Green Building Design and Construction, v4
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Payback 


Vendors 


 Small gas turbine packaged CHP 


  Reciprocating engine CHP system 


Project payback is influenced by numerous factors, including local utility costs, the percent load on the 
generator, the percent utilization of the recovered heat, the required temperature of the working fluid, 
local labor costs etc.  Each individual installation will require a complete Life Cycle Cost Analysis to 
determine the potential savings and the payback time required.  With a properly sized system and 
appropriate heat needs typical paybacks can range in the 3 to 5 year bracket. 


NATURAL GAS ENGINES 
In the US, electricity is generated at 60 Hz.  Only engines that operate at a multiple of this do not require 
a gear box and subsequent horsepower losses.  All considered engines should be industrial quality with a 
minimum life between overhauls of over 40,000 hours. 
*Designates U.S. 60 Hz (multiple) engine manufacturers


 Caterpillar, (55 Kw – 3.4 Mw)*


 Cooper Cameron Corp, (350 Kw – 6.5 Mw)*


 Rolls‐Royce Energy Systems, (3 Mw – 51 Mw), 50Hz compatible requires gearbox


 Wartsila NSD, (1 Mw – 16 Mw), 50Hz compatible requires gearbox
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Cost Range 


Product 
types 


 Waukesha Engine Div., (6.5 kW – 3.3 Mw)*
TURBINES 


 Solar Turbines


 Siemens


 GE


 Westinghouse
FUEL CELLS 


 Allied Signal, (Solid Oxide Fuel Cells)


 Analytic Power Corporation, (Ammonia Cracker Hydrogen Source Fuel Cell ‐ 2 Kw)


 Avista Corp., (2 Kw Polymer Electrolyte Membrane Fuel Cell)


 Ballard Power Systems, (Proton Exchange Membrane (PEM) Fuel Cell – 250 Kw)


 Energy Partners, (PEM up to 10 Kw)


 Energy Research Corporation, (Direct Fuel Cell – 2.5 Mw)


 H Power Corporation, (Proton Exchange Membrane Fuel Cells – up to 1 Kw)


 ONSI Corporation, (PC25™ Fuel Cell – 200 Kw)


 Plug Power, LLC, (Proton Exchange Membrane (PEM) Fuel Cell 7 Kw)
MICRO TURBINES 
Micro turbines have very high fuel consumptions and suffer greatly with increased ambient 


temperatures and altitudes.  Turbo machinery is rated at ISO conditions i.e. 59°F, 14.696 psia (Sea level) 
and 50% relative humidity. 


 Capstone Turbine Corporation, (28 Kw)


 Honeywell Power Systems, (75 kW)


 Elliott/Bowman, (45 Kw and 65 Kw)


 Northern Research, (30 – 250 Kw)


Installation cost ranges depend directly on the type of equipment selected for the application.  Larger 
systems are generally less expensive per unit output.  Some basic guides for overall installed costs are: 


 Reciprocating Engine (65 kW to 15 MW)                $1,433 ‐ $2,900 per kW installed 


 Micro Turbine (30 kW – 2 MW)     $2,500 ‐ $4,300 per kW installed 


 Gas Turbine (1 MW – 50 MW)     $1,250 ‐ $3,300 per kW installed 


 Fuel Cell (200 kW – 2 MW)              $4,600 ‐ $10,000 per kW installed 


1. INTERNAL COMBUSTION RECIPROCATING ENGINES
Maintenance Schedule: 


 25 years: 219,000 hrs. 


 Annual preventive maintenance time: 175.2 hrs. 


 Total preventive maintenance: 4,380 hrs. 


 Time required for major overhaul: 336 hrs. 


 Time required for minor overhaul (Heads and valves): 120 hrs. 


 Time between minor: 20,000 hrs. 


 Time between major: 50,000 hrs. 


 Total minor over haul time: 960 hrs. 


 Total Major over haul time: 672 hrs. 
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 Total available hrs.            211,834 hrs. 


 Total Availability (%)            96.73% 
 
This is advisable to utilize 95% availability to cover unscheduled outages. 


       (Source R.B. McMillan, PE, CEM) 


 RULE OF THUMB:  Use $0.015 per generated kWh for maintenance expenditures. 
 
                                                      


 
Heat Balance 
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The anticipated available heat from an internal combustion reciprocating engine can be calculated as 
follows: 
A.  Exhaust temperature: 


 Diesel Naturally aspirated 4‐cycle 1,000°F 
 Diesel Turbocharged 4‐cycle  900°F 
 Natural Gas (all) 4‐cycle  1,200°F 


B.  Exhaust temperature factor:


 Tf= (Exhaust Temperature +459.667)/519.667


C.  Inlet air flow


 CFMi = 10.5*Hp   or   CFMi = 7.83*kWe


 The average specific heat for exhaust gases is approximately 0.2806 BTU/lbm/°F.
 CFM to lbm‐hr.


 Air density: ρ =(14.696 * 144)(1)/(53.35*459.667) or 0.0763312 lbm/ft3


 lbm‐hr. = 4.57987*CFM
D.  The available heat which can be safely recovered is:


 Q = 0.2806*(Et ‐350)*lbm‐hr.


 Where:  Et is the exhaust temperature in °F.


E.  Typical Gas engine de‐rate schedule.


 3% per 1,000 feet over 2,500


 1.9% per 10°F over 85°F


2. EXTERNAL COMBUSTION SYSTEMS


External combustion systems such as steam boilers can operate in varying load conditions, shifting the 
steam loads between heating and power generation. 


Boilers essentially take the heat of combustion and direct it over tube passes containing water which is 
in turn heated.  The output can be hot water or steam.  The steam can be saturated or super‐heated 
depending on the boiler design and intended use. 


Although fuel types affect the output to some extent, the amount of excess air and the control of the 
burners as a function of demand on the system play a greater role in the efficiency of the operation 
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3.   TURBINES 
Heat Balance 


 
 


 
Turbines are generally small for their given output.  They also have tremendous exhaust volumes due to 
the necessity of cooling combustion gases prior to entering the turbine blades.  This excess air flow 
provides the opportunity for good heat recovery. 
 
Turbines are best suited in applications where they are well loaded, the load remains relatively constant 
and they are not turned on and off.  Thermal cycling of turbines cause major loss in expected life times 
and provide for potential failures. 
 
On the negative side, turbines exhibit higher heat rates than reciprocating engines.    In general, turbine 
maintenance should be left to contract.  Many companies now offer direct exchange programs for 
turbine components.   
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EXAMPLE 
If a 500 kW turbine were applied @ 900 feet and ambient temperature of 100 degrees, with 8 inches of 
water inlet loss and 12 inches of water exhaust back pressure, what is its output? 


 1,000 x 0.90 x 0.96 x 0.97 x 0.96 = 804.6 BHp
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Components 


Warranty 
Info  


Code 
Restrictions 


The fundamental components of a CHP system include a form of driver, a power generator, a heat 
recovery system, water treatment equipment and may also include supplemental boilers to add any 
necessary energy to the system when steam is the working fluid.  Most equipment manufactures now 
offer complete CHP packages which are built to specific requirements. 


As might be expected, individual manufacturers offer different warranties for their specific equipment.  
Many consumers have opted for purchased warranty and maintenance contracts to protect their 
investments.  Many manufacturers offer a two year warranty or 15,000 hours as standard with options 
to purchase additional coverage.  Warranty and maintenance contracts are often offered together. 


All electrical generation equipment must meet or exceed the National Electrical Code standards. 
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Guidelines 


Perhaps the most important consideration is the selection of a proven industrial driver.  These have life 


expectancies in excess of 50,000 hours.  Secondly, driver speed should be an even multiple of the 60 Hz. 


Power used in the United States.  Many foreign manufactures make drivers in multiples of 50 Hz which is 


common in Europe.  Either the unit will need a gear box or need to be slowed to a multiple of 60 Hz.  In 


either case the net result is horsepower losses. 


The deciding factor in equipment selection is the amount and temperature of the working fluid.  


Reciprocating units are basically limited to producing hat water up to about 190 degrees.  Turbines are 


more suited to steam production.  Supplemental firing boilers are also an option. 


Fundamentally micro turbines and fuel cell technology is still lagging and at this juncture will not 


produce favorable economics. 







