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APPENDIX A:  
Technology Descriptions 

Project plan included demonstration of three specific technologies. They are the gas-engine 
heat pump (GEHP), the evacuated tube collector (ETC), and Energx dual setpoint controller. 

The GEHP Technology 
While the traditional approach of water heating with a flame remains largely unchanged with 
incremental improvements in efficiencies up to 85 to 95 percent, natural-gas-engine-driven 
heat pumps offer an economic alternative to gas water heaters and boilers and an outstanding 
opportunity to reduce water heating costs and lower greenhouse gas (GHG) emissions. New 
advances in internal- combustion-engine technology in the automobile industry have led to 
significant improvements in reliability and efficiency of the GEHP with operating life exceeding 
20,000 hours. Additionally, new emissions-control technology has led to cleaner emissions and 
lower criteria pollutants. However, the GEHP is still considered an emerging and underutilized 
technology. The most efficient and advanced GEHP is the Ilios HEWS 500-AS. 

Figures A-1 and A-2 show the Ilios heat pump. A GEHP heat pump traditionally consists of a 
vapor-compression refrigeration cycle that includes a condenser, an evaporator, a throttling 
valve, and a compressor. Compressor-shaft work is provided by a reciprocating engine. A 
measure of efficiency is the coefficient of performance (COP), which is defined as the useful 
energy “out” (hot water), divided by the useful energy “in” (fuel). Depending upon operating 
conditions the Ilios unit’s COP is between 1.2 to 2.2. By comparison, a typical gas fired boiler 
that produces 550,000 British thermal units (Btu)/hr of hot water would consume 687,500 Btu/
hr of gas (80 percent efficiency), or almost twice as much fuel as the Ilios. 

Figures A-1 and A-2: Ilios Heat Pump 

Figure A-1 
Source: Tecogen 

Figure A-2 
Source: Tecogen 
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The graphs below illustrate how the capacity (heat output) of the Ilios increases with outdoor 
air (Figure A-3) resulting higher COPs (Figure A-4). In Southern California climate conditions 
with milder winters and hot summers, the COP of the Ilios GEHP should be consistently high. 
With this higher COP there will be significant reduction of fuel use and GHG emissions. 

Figure A-3: Outdoor Air Temperature Versus 
Heat Output 

 
Source: Solar Rating and Certification Corporation (SRCC) 

Figure A-4: Outdoor Air Temperature 
Versus COP 

 
Source: Tecogen 

The main features of this technology are: 

• 90 kilowatts (kW) to 175 kW of hot water ideal for domestic hot water (DHW), 
swimming pools, space heating, or process heat. 

• Hot water delivery temperature 100°F (38°C) to 160°F (71°C).  

• Advanced thermodynamic cycle extracts available energy from the environment, and 
uses mechanical work from a gas engine (natural or gaseous propane) to pump this 
heat to a higher useful temperature. 

• Highly efficient heat pump with reclaimed engine waste heat resulting in a COP of 
1.2 to 2.2. 

• Exceeds clean emission standards throughout the United States, including California. 

• 50 percent reduction in carbon footprint saving 100 tons of carbon at typical 
installations. 

• Ultra-low emissions with near-zero criteria pollutants. 

• Minimal electrical power requirement similar to a household appliance (220 volts [V] 
alternating current [AC]/50 hertz [Hz]/10 amperes [A] service). 
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The Evacuated Tube Collector (ETC) 
In use since the early 1900s, flat-plate collectors are time-tested, reliable, and currently domi-
nate the market. ETCs are a more recent technology, introduced in the late 1970s. Several 
types are available, with the common element being a glass tube surrounding an absorber 
plate. Because the space inside the tube is a vacuum, which is a far superior insulator than air, 
these collectors have much better heat retention than the glazing/air space (R-7) design of 
flat-plate collectors, which makes them particularly highly efficient under many circumstances. 
Frames and manifolds for paralleling multiple tubes are available and can hold 4 to 20 tubes or 
more. Multiple banks can be plumbed together to increase system capacity. While overall 
weights and dimensions are similar between the two types, evacuated tubes usually have 
performance and installation advantages. Sealing and maintaining a vacuum is difficult, and 
this was a common problem that plagued early designs. Today the majority of ETCs use a 
continuous piece of glass to minimize the risk of vacuum loss. The ETC is considered an 
emerging and underutilized technology. 

Collectors operate most efficiently when the temperature of the inlet fluid (Ti) is the same as 
or less than the ambient temperature (Ta) of the air. When Ti equals Ta, flat-plate collectors 
tend to be about 75 percent efficient, while evacuated tubes have an efficiency of about 
50 percent. However, collectors rarely operate under these conditions. Table A-1 illustrates 
that the ETC performs better for high-temperature DHW application. Figure A-5 illustrates that 
performance of the ETC is superior in higher outdoor temperatures past 80°F (27°C), which is 
expected in many California climate zones for many months of the year, including the one for 
our test building. Figure A-6 is an illustration of the evacuated tube collector. 

Table A-1: Comparison Performance 

 
Source: SRCC 

The project is to study how best to integrate the two technologies in order to maximize energy 
savings and GHG reduction at the lowest possible cost. Cost will depend on size of the solar 
collectors, the storage tank size and the ancillary materials and equipment such as storage 
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tank, pumps and, trenching, piping and insulation distances. Please see Figure 3 in Chapter 5 
for a schematic diagram of the proposed configuration. We will also use the Energx hot water 
loop controller to reduce line losses during low demand. Testing will be done with either the 
GEHP operating or the ETC operating to collect performance data for each subsystem. 

Figure A-5: Evacuated Tube Performance 

 
Source: SRCC 

Figure A-6: Evacuated Tube Collector 

 
Source: Apricus 

Energx dual setpoint controller 
The Energx dual setpoint controller is an energy savings controller that reduces the water tem-
perature setpoint when hot water is not required. The savings are primarily achieved in two 
ways, one by controlling the set point temperature of the water in the storage tank and 
secondly by controlling the firing rate of the boiler, as these boilers typically have three to four 
burners staged in series to meet various load changes. 

Depending on the application and number of boiler stages, one to four original equipment 
manufacturer Honeywell logic controllers are used to process the temperature(s) in the 
storage tank and cycle the stages of the boiler on/off. An additional temperature controller and 
relays are integrated into the control to measure the ambient air temperature and change the 
water temperature setpoint. Even as the temperature is increased the controller will still 
optimize the firing rate/stages of the boiler. 

Please note that at no time is the system locked out (demand limiting) – hot water is always 
available to occupants and the Energx control system will cause the boiler to maintain the tank 
water temperature setpoint. No fuzzy logic is used to automate the temperature set point 
adjustments. It is expected that the operator only needs to set it once with little if any 
adjustments throughout the change of seasons. 

The controller being studied is a dual setpoint controller (Figure A-7), and has two tank water 
temperature setpoints, referred to here as high temperature and low temperature. When the 
ambient temperature rises the Energx controller will place the boiler water set point at the low 
temperature setting to conserve energy. Conversely, if the ambient air temperature is detected 
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to be below the threshold (such as at night or a cold day) the boiler will be placed on the high-
water temperature setpoint in order to be able to provide more heat to the apartment fan coils 
(Figure A-8). The high-temperature setpoint is typically approximately 140°F (60°C) while the 
low temperature setpoint is approximately 120°F (49°C). Even with 120°F (49°C) water being 
supplied to the fan coils, heat is still available from the apartment fan coil units if a resident 
were to adjust their thermostat to call for heating. Domestic water at 120°F (49°C) is 
considered sufficient for bathing and washing, etc. 

Figure A-7: Energx Raydronics Boiler 
Controller 

 
Source: Energx Controls 

Figure A-8: Monitored Boiler Temperature 

 
Source: Negawatt Consulting 

The energy savings are achieved by allowing the system to operate at the low temperature 
water set point during the mild to hot weather conditions found much of the year throughout 
the Southern California area. According to Energx, there are hundreds of Raydronics systems 
within the SoCalGas service territory, each consuming approximately 350 therms per 
apartment unit per year. The potential market is of significant size. 
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Figure B-1: Engineering Plans for the Domestic Hot Water System Upgrade at Park West Apartments
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Figure B-2: Los Angeles Department of Building and Safety Application for Building 
Permit and Certificate of Occupancy
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APPENDIX C:  
Measurement and Verification (M&V) Report 

Overall Measurement & Verification Approach 
The goal of this measurement and verification (M&V) project is to assess the overall energy 
savings potential of the retrofitted equipment, controls hardware, and controls strategies as 
compared to the baseline domestic hot water (DHW) system at the test site. 

The existing DHW system that was retrofitted serves 148 residential units across four stories 
of the building and is located on the roof. It consists of two central gas-fired boilers (one of 
which is redundant) with an integral pump each, a storage tank, and two return water pumps 
in series in the recirculation loop. The make-up water feeds into the storage tank. The boilers 
are controlled by one aquastat set to approximately 130 degrees Fahrenheit (°F) (54 degrees 
Celsius [°C]) whose thermowell is mounted in the bottom half of the storage tank. One boiler 
and at least one return water pump occasionally failed or were disabled intentionally by the 
facility staff. 

The retrofit equipment consists of a gas-engine heat pump (GEHP) plant located in the first-
floor parking lot and a solar thermal system located on the roof. Both systems intercept and 
preheat the make-up water to the existing DHW system, and the existing system is otherwise 
left intact and not modified by the project team. 

The gas into the existing boilers and new GEHP were measured by diaphragm gas meters with 
pulse output. Pump power for the new pumps was measured with three-phase power meters. 
Heat energy into and out of the existing storage tank and out of the GEHP was measured with 
British thermal unit (Btu) meters. Data was typically sampled at 1-second intervals and saved 
at 1-minute intervals. 

The two boiler gas meters and the one Btu meter between the boilers and the existing storage 
tank were used to estimate the coefficient of performance (COP) of the pair of existing boilers 
at an hourly interval for time periods of consistent data. The GEHP gas meter and Btu meter 
were used to estimate the COP of the GEHP at hourly intervals for time periods of consistent 
data. 

For each measurement period, gas usage was aggregated to daily intervals and scatter plotted 
versus daily National Oceanic and Atmospheric Administration (NOAA) weather station dry bulb 
temperature to search for linear correlation. Normalization for other factors such as occupancy 
was not conducted, and pump energy was not scatter plotted against any factors. 

Correlation was not great for either period, but both gas versus dry bulb temperature trendline 
equation were nevertheless applied to California Climate Zone typical weather data. This 
yielded estimated annual energy usage for the baseline and retrofit periods as well as 
estimated annual savings. 
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Data Points 
Data points are shown in Table C-1 below. 

Data Sampling, Recording, and Collection Intervals 
Data point information is also shown in Table C-2 below. 

Table C-1: Data Points, Intervals, Resolution, and Accuracy 

Data Point Qty. Units Recording 
Interval Resolution 

Boiler Gas Usage 2 ft³ 1 min. 1 pulse = 1 ft³ 
GEHP Gas Usage 1 kBtu/hr 1 min. 1 Btu/hr 
Boiler Pump Power 2 kW (via kVA) 1 min. ~0.01 kW 
GEHP Pump Power 2 kW 1 min. 0.001 kW 
GEHP Other Power 1 kW 1 min. 0.001 kW 
Solar Thermal Pump Power 1 kW 1 min. 0.001 kW 
Boiler Supply Water Temp. 1 °F 1 min. 0.018°F 
Boiler Return Water Temp. 1 °F 1 min. 0.018°F 
Hot Water Supply Temp. 2 °F 1 min. 0.018°F 
Hot Water Return Temp. 1 °F 1 min. 0.018°F 
Make-up Cold & Pre-heated 
Water Temp. 

2 °F 1 min. 0.018°F 

GEHP Outlet Temp. 1 °F 1 min. 0.01°F 
GEHP Inlet Temp. 1 °F 1 min. 0.01°F 
Outside Air Dry Bulb 
Temperature 

1 °C ~ 1hr. 0.1°C 

Boiler Water Flow Rate 1 gpm 1 min. 0.001 gpm 
Hot Water Return Flow Rate 1 gpm 1 min. 0.001 gpm 
Hot Water Supply Flow Rate 1 gpm 1 min. 0.001 gpm 
Make-up Water Flow Rate 1 gpm (via (2) gpm) 1 min. 0.001 gpm 
GEHP Water Flow Rate 1 gpm 1 min. 0.01 gpm 
Boiler Heat Rate 1 Btu/min 1 min. 0.001 Btu/min 
Hot Water Return Heat Rate 
(against Hot Supply Temp.) 

1 Btu/min 1 min. 0.001 Btu/min 

Make-up Water Heat Rate 
(against Hot Supply Temp.) 

1 Btu/min (via (2) 
gpm & (2) °F) 

1 min. 0.001 Btu/min 

GEHP Heat Rate 1 kBtu/hr 1 min. 1 Btu/hr 
Source: NegaWatt Consulting 
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Instrumentation 
M&V instrumentation is shown in Table C-2 below. 

Table C-2: M&V Instrumentation 

Make, Model, Name, URL Specifications Notes 
MultiTech Cellular Modem MTR-
LAT1. https://www.multitech.com/
models/92507399LF. 

LTE Cat 3 Router with Fallback, w/o 
Accessories (AT&T). 

Operating Temp.: -40°F (-40°C) to 
176°F (80°C) 

Purchased new in 
2018. 

T-Mobile Unlimited data plan for 2 
years. http://www.egauge.net/eos/
accessories/CR100MT. 

Network Speed: 3G. Purchased new in 
2018. 

RS-485 to Ethernet converter. 
http://www.egauge.net/eos/
accessories/bf430. 

Operating Temp.: -17°F (0°C) ~ 131°F 
(55°C). 

Purchased new in 
2018. 

RS485-USB Converter. http://www.
egauge.net/eos/accessories/usb485. 

Operating Temp.: -34°F (-30°C) to 
140°F (60°C). 

Purchased new in 
2018. Quantity: 2. 

ControlByWeb X-420 Web-Enabled 
Data Acquisition. https://www.
controlbyweb.com/x420/. 

Digital Inputs 
Number of Inputs: 2 (configurable). 

Analog Inputs 
Number of Inputs: 4. 

Resolution: 16-bit, SAR. 
Temperature Sensors 

Maximum Number of Sensors: 16. 
Type: Dallas Semiconductor DS18B20. 

Temp. Range: -67°F to 257°F (-55°C to 
125°C). 

Accuracy: ±32.9°F (0.5°C) (from -18°F 
[-10°C] to 185°F [85°C]). 

Purchased new in 
2018. Quantity: 2 

ControlByWeb X-WR-1R12-1I-I 
WebRelay. https://www.controlby
web.com/webrelay/partnumbers.
html 

Outputs 
Relays: 1. Current: 12A 240VAC, 30VDC. 

Inputs 
Digital: 1. Range: 4-26 VDC. 

Purchased new in 
2018. 

Elster American Meter AC-800 with 
PulseMaster Pulse Output Module. 
https://mcsmeters.com/collections/
diaphragm-gas-meters/products/
american-meter-ac800-diaphragm-
meter. 

Capacity: 800 SCFH (22.7 m3/h) (0.60 
specific gravity gas) at 1/2-inch w.c. 

differential. 
Pulse Rate: 1 pulse/1 ft³. 

Performance: Meets ANSI B109.2. 

Purchased new in 
2018. Quantity: 2. 

Pulse output gas meter 
(make/model TBD) 

TBD Provided by GEHP 
manufacturer 

https://www.controlbyweb.com/x420/
https://www.controlbyweb.com/x420/
https://www.controlbyweb.com/webrelay/partnumbers.html
https://www.controlbyweb.com/webrelay/partnumbers.html
https://www.controlbyweb.com/webrelay/partnumbers.html
https://mcsmeters.com/collections/diaphragm-gas-meters/products/american-meter-ac800-diaphragm-meter
https://mcsmeters.com/collections/diaphragm-gas-meters/products/american-meter-ac800-diaphragm-meter
https://mcsmeters.com/collections/diaphragm-gas-meters/products/american-meter-ac800-diaphragm-meter
https://mcsmeters.com/collections/diaphragm-gas-meters/products/american-meter-ac800-diaphragm-meter


 

C-4 

Make, Model, Name, URL Specifications Notes 
Onset Temperature (6’) Sensor 
TMC6-HE. https://www.onsetcomp.
com/products/sensors/tmc6-he. 

Measurement range: -40°F (-40°C) to 
212°F (100°C). 

Drift: <32°F (0.1°C) (<0.2°F [-17°C]) 
per year. 

Response time in air: 3 min. typical to 
90% in air moving 1 m/sec (2.2 mph). 

Purchased new in 
~ 2017. Quantity: 2 

Sierra Instruments Ultrasonic Liquid 
Flow Meter with Thermal Energy/Btu 
Capability, InnovaSonic®207i. 
http://www.sierrainstruments.com/
products/207iprod.html 

Performance Specifications 
Pipe Size: 2 to 236 inches (50 to 6000 

mm). 
Accuracy: ± 0.5% of reading from 0.16 

to 40 ft/s (0.05 to 12 m/s). 
Repeatability: ± 0.15% of reading 

>0.16 ft/s (0.05 m/s). 
Resolution: 0.01 ft/s (0.00025 m/s). 
Response Time: 150 m/s measuring 

cycle. 
Operating Specifications 

Flow Velocity Range 
Bi-directional flows: 0.16 to 40 ft/s 

(0.05 to 12 m/s). 
Note: 0.08 ft/s (0.025 m/s) is the 

default low flow cut-off. 
Temperature 

Ambient electronics: -4°F (-20°C) to 
140°F (60°C). 

Clamp-on transducer: 14°F (-10°C) to 
176°F (80°C). 

Clamp-On RTD Accuracy: ±0.12% at 
32°F (0°C). 

Purchased new in 
2018. Quantity: 5 4. 

Omega Flow Meter  -- Provided by GEHP 
manufacturer 

Temperature sensors  -- Provided by GEHP 
manufacturer 

eGauge Core Energy Meter. http://
www.egauge.net/eos/energy-
meters/EG4115. 

Operating Temp.: -34°F (30°C) to 158°F 
(70°C). 

Power Draw: 12W max, 2W typical. 
Measurement Voltage: Up to 277 Vrms 

per line. 3 lines. 
Measurement Current: 15 sensor ports, 

6900A max/ea. 
Accuracy: ANSI C12.2 – 0.5% 

Compliant. 

Purchased new in 
2018. Quantity: 2. 

https://www.onsetcomp.com/products/sensors/tmc6-he
https://www.onsetcomp.com/products/sensors/tmc6-he
http://www.sierrainstruments.com/products/207iprod.html
http://www.sierrainstruments.com/products/207iprod.html
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Make, Model, Name, URL Specifications Notes 
Register Count (data storage points): 

64. 
Granularity (duration/avg): 1 hour/1 
second, 1 year/1 minute, 10 years/15 

minutes, Device Lifetime/1 Day. 
Data Communication: Modbus RTU, 

Modbus TCP, BACnet/IP, XML. 
Magnelab SCT-0400 Split-core AC 
Current Sensor, https://www.
egauge.net/docs/sct_0400.pdf 

Output: 0.333V at rated AC current. 
Accuracy: ±1%. 

Range: 10% to 130% of rated current. 
Frequency: 50Hz – 400Hz. 

Purchased new in 
Fall 2013. Multiple 
sizes from 10 to 50 

amps. 

Extech 380976 1-phase/3-phase 
1000 Amp True RMS Power Clamp-
On Meter, http://www.extech.com/
instruments/product.asp?catid=27&
prodid=705 

Function: Max Range/Resolution, Basic 
Accuracy. 

True Power (W): 600kW/10W, ±5%. 
Apparent Power(kVA): 600kVA/100VA, 

±2%. 
Reactive Power (kVAR): 
600kVAR/10VAR, ±5%. 

Phase Angle (f): -60 to +60° / 0.1°, 
±6°. 

AC Current (Trms): 1000A/10mA, ±2%. 
μA Current (AC+DC) (Trms): 

1000μA/10nA, ±1%. 
AC/DC Voltage (Trms): 600V/0.1mV, 

±1%. 
Temperature (Type K): -58°F (-50°C), 

to 1000°F (538°C) / 0.1°F (-17°C), 
±1%. 

Calibrated on 
10/11/2012. Used 
for spot checking 
only as needed. 

Source: NegaWatt Consulting 

Instrumentation Layout 
Figure C-1 below shows the baseline instrumentation installation guidance diagram. The 
hexagons labeled “F” are flow meters, those with “T” are temperature sensors, and those with 
“G” are gas meters. 

https://www.egauge.net/docs/sct_0400.pdf
https://www.egauge.net/docs/sct_0400.pdf
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Figure C-1: Baseline M&V Instrumentation Installation Guidance Diagram 

 
Source: NegaWatt Consulting 

An instrumentation installation guidance diagram was not created for the retrofit equipment. 
However, Figure C-2 is a schematic M&V instrumentation diagram showing both the baseline 
and retrofit equipment. 

Figure C-2: Baseline & Retrofit M&V Instrumentation Diagram 

 
Source: NegaWatt Consulting 
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Data Analysis Procedures 
Data analysis procedures are summarized in the following list: 

1. Remotely download data from all sensors regularly and troubleshoot irregularities. 

2. For the existing boilers in the baseline period and the GEHP in the retrofit period, 
aggregate the data to daily intervals and compare heat output to gas usage to 
calculate equipment efficiency or COP: 

a. Qout /Ein 
3. For the baseline and retrofit periods at the daily interval only, look for correlation 

between Ein and daily NOAA weather station dry bulb. 

4. If correlation is high enough for Ein  for both baseline and retrofit, calculate annual 
savings against each of the California climate zone weather files first aggregated to 
daily intervals. If only one correlation is high enough, then only calculate adjusted 
savings for the respective measurement period (i.e. baseline adjusted to retrofit 
conditions or vice versa). 

5. Calculate cost savings using blended electricity and gas rates. 

6. Identify and discuss system loss mechanisms, and opportunities for optimization and 
improvements. 

7. Data analysis will be performed periodically on an interim basis upon request by the 
PI, and for final reporting at project end. 

Baseline System 
Existing Domestic Hot Water Plant Conditions 
The overall system are shown in Figure C-3 and C-4. The left photo in Figure C-4 shows the 
hot water supply line, hot water return line and two inline pumps mounted in series, and the 
make-up cold water line. The right photo shows the gas piping into the boilers and the integral 
boiler pumps. Figure C-5 shows the nameplate for one of the two identical boilers. 

Figure C-3: Existing Boilers and Storage Tank 

 
Source: NegaWatt Consulting 
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Figure C-4: Existing Storage Tank Water Piping and Boiler Gas Piping 

       
Source: NegaWatt Consulting 

Figure C-5: Boiler Nameplate 

 
Source: NegaWatt Consulting 

Our various measurements gave us insight into plant operation. The integral boiler pumps run 
constantly at a steady combined flow rate of approximately 90 gallons per minute (gpm); the 
boiler supply to return water temperature difference is typically less than 6°F (-14°C); and the 
tank supply temperature setpoint is easily met. This indicates that cycling the pumps with a 
call for heat would be more efficient and that one boiler is redundant (i.e., one boiler has 
sufficient capacity to satisfy the load). 
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The hot water supply temperature is approximately 130°F (54°C) and the return water 
temperature is typically about 6°F (-14°C) colder. The return water pumps run constantly at a 
steady combined flow rate of approximately 19 gpm. The average minutely hot water draws 
are typically less than 10 gpm and often less than 5 gpm. This indicates that the return water 
pump flow rate could be reduced without impacting hot water wait time at the fixtures, and 
that the return water loop heat loss is a substantial portion of the current load. 

Natural Gas Utility Data 
We reviewed the natural gas utility data, but it is of limited value since one gas meter serves 
the whole building which includes three DHW plants, a pool, and other gas-fired equipment 
and appliances. See Figure C-6 for an excerpt of the October 2018 gas utility bill. 

Figure C-6: October 2018 Gas Utility Bill 

 
Source: SoCalGas; obtained from building owner 

During this bill period, the building used 3,460 centum cubic feet (CCF) (or, 346,000 cubic 
feet) of natural gas. The “multiplier” of 1.032 is used to convert to therms while accounting for 
the elevation of the site, which is approximately 150 feet, and the heat value of gas delivered 
that month to the given Btu district, which is 11 (SoCalGas 2018). The “Therm Factor” 
accounts for elevated delivery gas pressure using Boyle’s Law as compared to atmospheric 
pressure (14.73 pounds per square inch absolute [psia]) (SoCalGas 2010). So, 1.204 equals 
delivery pressure divided by 14.73, giving a delivery pressure of 17.73 psia or 3 pounds per 
square inch gauge [psig]) (SoCalGas 2010). 

There is a gas regulator in the garage that reduces the gas pressure in the line serving the 
boilers. We have not measured the pressure at our gas meters on the roof, but we know from 
the boiler nameplate that the acceptable pressure range is 4 inches water column (w.c.) 
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(0.144 psig) to 13 w.c. (0.469 psig). This gives a “Therm Factor” range of 1.0098 to 
1.0318. We will use the midpoint of 1.02. 

For the “multiplier,” we will use the average of the most recent 11 months from January to 
November 2018 which gives 1.033. 

Our diaphragm gas meters are not temperature compensating because such meters were not 
available from our distributor during M&V installation. We mounted a temperature sensor on 
the outside of the gas header pipe on the roof to attempt the temperature compensation 
calculation ourselves. For the time being, we will not attempt to correct for temperature since 
that data seems higher than expected. 

The pulse rate of our gas meter is 1 cubic foot per pulse. Therefore, to convert our gas 
measurements at the boilers: 

 
To convert this to Btu, we multiply by 100,000 (U.S. EIA 2018). 

Estimated Baseline Annual Domestic Hot Water Gas Usage & Emissions 
The cumulative minutely gas pulse data was resampled to daily intervals and the above equa-
tion was used to convert to therms. The date range was June 8, 2018 to December 1, 2019, 
anomalous data was removed, and some days of data were missing. There were 485 usable 
observations. In Figure C-7 below, this data was scatter plotted against average daily dry bulb 
temperature from the NOAA weather station at Los Angeles International Airport and a linear 
trendline is shown. The coefficient of determination (R²) is not as high as we prefer, but our 
baseline measurement period was long. 

Figure C-7: Gas Usage versus Dry Bulb Temperature 

 
Source: NegaWatt Consulting 
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Applying the trendline equation to daily outside air temperature data for California Climate 
Zone 6, this yields 10,837 therms per year per Table C-3. Associated greenhouse gas (GHG) 
emissions are shown using the California Energy Commission’s (CEC’s) emissions factor of 
11.7pounds (lbs.) of carbon dioxide equivalent (CO2e). Gas cost is shown using CEC’s 
statewide average residential rate of $1/therm. 

Table C-3: Estimated Baseline Annual Values 

Baseline 
Annual DHW 
Gas Usage 
[therms] 

Baseline 
Annual DHW 
Gas Usage 
[MMBtu] 

Baseline Annual 
DHW Gas Cost 
[$, Statewide 

Average] 

Baseline Annual 
CO2e from 
DHW Gas 

Usage [lbs.] 
Date Range 

10,837 1,084 $10,837 126,792 6/8/18-12/1/19 
Source: NegaWatt Consulting 

Additional Baseline M&V Results 
We measured, plotted, and analyzed numerous additional data points, both at the raw 
minutely interval and aggregated to daily intervals. Before aggregating to daily intervals, we 
removed anomalous spikes and corrected small issues such as energy measurements that 
were consistently negative instead of positive cumulative values. We also ignored days where 
60 minutes or more of measurements (congruous or not) were missing. Below are some of our 
daily interval timeline plots for the full baseline measurement period, along with some 
observations. 

Figure C-8 below shows net boiler output (i.e., “energy-boiler”) and boiler gas input (i.e., “Gas 
Total [Btu]”), both in units of Btu. Figure C-9 shows average boiler efficiency, which is net 
boiler output divided by boiler gas input. The net output data is from the Btu meter across the 
boiler supply and return pipes between the boilers and the storage tank, and the input data is 
from our gas pulse measurements. We say net because the boiler pumps run constantly at 
constant flow regardless of heating calls. When there are no heating calls, the loop takes some 
energy out of the tank. 

It is not clear what caused the spike in boiler output in late August 2018 or whether it should 
be omitted. The drop boiler output in late October 2018 coincides with a drop in hot water 
draws, which we will see later. The gradual increase from September 2018 to early 2019 
correlates with colder ambient temperatures which increases boiler load during water draws. 
The improved efficiency seems to indicate that the boilers are oversized. 
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Figure C-8: Daily Boiler Gas Usage and Boiler Net Heat Output to Tank 

 
Source: NegaWatt Consulting 

Figure C-9: Daily Average Boiler Efficiency 

 
Source: NegaWatt Consulting 

Figure C-10 shows cumulative daily water volume readings from the flow meters that are part 
of the Btu meters. Here is the meaning of each data series: 

1. “flow-hot-return” is measured at the return line into the storage tank. 

2. “flow-hot-supply” is measured at the supply line exiting the tank to serve the building. 
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3. “flow-boiler” is not shown in order to zoom into the other data series. 

4. “flow-cold” is the difference between “flow-hot-supply” and “flow-hot-return” because 
the flow at the cold water line was too low to get good readings. This data series was 
subsequently ignored in favor of “flow-cold-positive.” 

5. “flow-cold-positive” is also the difference “flow-hot-supply” and “flow-hot-return,” but 
negative minutely values (due to sensor inaccuracy) were excluded before aggregating 
to daily intervals. The modified minutely data was also used for the cold water Btu 
calculations. The accuracy of the cold water data is worse than the other data series 
due to the combined inaccuracy of two Btu meters. 

Figure C-10: Daily Water Volumes 

 
Source: NegaWatt Consulting 

Figure C-11 shows the thermal energy in Btu from each Btu meters, with the caveat that the 
“cold” data is calculated. Note that the calculation is automatically performed every second by 
our eGauge data logger before it is saved as minutely data in the logger. The data series 
“energy-cold-and-return” is the sum of “energy-cold” and “energy-hot-return.” It should 
always be slightly lower than “energy-boiler,” but that is sometimes not the case which makes 
that data suspect. An unrelated observation is that the dip in “energy-cold” in late October 
2018 lines up with the boiler input and output dips in Figure C-11. 
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Figure C-11: Daily Thermal Energy 

 
Source: NegaWatt Consulting 

Figure C-12 shows the boiler gas input in therms for each individual boiler and for both com-
bined. It shows that boiler “1” consistently handles more of the load, and that boiler “2” 
stopped firing in late October 2018 for some reason and did not come back online for the rest 
of the baseline period. 

Figure C-12: Daily Boiler Gas Usage 

 
Source: NegaWatt Consulting 



 

C-15 

Figure C-13 shows the temperature measurements. Note that the cold water temperature is 
around 80°F in the summer. 

Figure C-13: Daily Average Temperatures 

 
Source: NegaWatt Consulting 

Figure C-14 shows the average temperature deltas associated with each Btu measurement. 
“Boiler dT” is much lower than optimal. The constant pump operation is a contributing factor, 
and the boilers also seem oversized for the load. As expected, “Hot Supply to Cold dT” show 
that the load of hot water draws generally increases with lower ambient and cold water 
temperatures, assuming temperature setpoint is fixed. 

Figure C-14: Daily Average Temperature Deltas 

 
Source: NegaWatt Consulting 
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Retrofit System 

Retrofit System Conditions 
The retrofit system consists of the GEHP and solar thermal systems which both pre-heat the 
cold-water makeup water going to the existing DHW system. The project team did not other-
wise modify the existing DHW system whereas the site staff did make seasonal control 
changes and deal with some pump and perhaps boiler failures. As far as the retrofit equip-
ment, the GEHP system had much lower equipment COP system than expected, but 
functioned properly otherwise. 

Estimated Retrofit Annual Domestic Hot Water Gas Usage & Emissions 
The below three figures (Figures C-15, C-16 and C-17) show the daily gas usage versus daily 
ambient dry bulb temperature during the retrofit period after anomalous data was removed. 
The date range was from June 1, 2020 to April 11, 2021 and there were 233 usable observa-
tions. Figure C-15 is for the GEHP, Figure C-16 is for the existing boilers during the same 
dates, and the Figure C-17 is the combined gas usage. Trendline information is shown above 
each plot. Pump power was not evaluated. Gas usage increased compared to the baseline 
period. Perhaps the domestic hot water load in the building was higher during this time period 
versus the baseline period due to more people being at home during the COVID19 pandemic. 
The pandemic began in early 2020, which was after the end of our baseline M&V period and 
before our retrofit M&V period. 

Figure C-15: GEHP Gas Usage versus Dry Bulb Temperature (Retrofit Period) 

 
Source: NegaWatt Consulting 
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Figure C-16: Boiler Gas Usage versus Dry Bulb Temperature (Retrofit Period) 

 
Source: NegaWatt Consulting 

Figure C-17: Total Gas Usage versus Dry Bulb Temperature (Retrofit Period) 

 
Source: NegaWatt Consulting 
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Applying the trendline equation to daily outside air temperature data for California Climate 
Zone 6, this yields 20,926 therms per year per Table C-4. Associated GHG emissions are 
shown using CEC’s emissions factor of 11.7 pounds of CO2e per therm. Gas cost is shown 
using CEC’s statewide average residential rate of $1/therm. 

Table C-4: Estimated Retrofit Annual Values 

Retrofit 
Annual DHW 
Gas Usage 
[therms] 

Retrofit 
Annual DHW 
Gas Usage 
[MMBtu] 

Retrofit Annual 
DHW Gas Cost 
[$, Statewide 

Average] 

Retrofit 
Annual CO2e 

from DHW Gas 
Usage [lbs.] 

Date Range 

20,926 2,093 $20,926 244,837 6/1/20-4/11/21 
Includes GEHP and Boiler Gas Usage. Additional electrical usage for new pumps not addressed. 

Source: NegaWatt Consulting 

Additional Retrofit M&V Results 
The figures below (Figures C-18 through C-26) show the primary data collected during the 
retrofit period at the new GEHP plant and the existing boiler plant. Note that although we have 
been collecting most M&V data to date, we lost Modbus communication with the GEHP equip-
ment and related sensors in mid-April 2021. That is why the date range in the above table is 
shorter than the date range of the below timeline plots. In any case, an important finding 
during the retrofit period was that the GEHP COP was lower than expected (Figure C-19). The 
manufacturer and project team have attempted multiple fixes and will continue to attempt 
additional fixes. 

Another important finding is that the retrofit energy usage was much higher than the baseline 
energy usage. However, it is clear from the temperature data that the GEHP and solar thermal 
system preheated the supply water as designed (see “tank_supply_F” and “citywater_F” in 
Figure C-20). We expect that at least some of the gas usage increase was due to COVID-19 
impacts. Surprisingly, gas bills from the project site indicate that overall yearly site gas usage 
was steady from 2018 through 2020. 

The solar thermal system heat output is compared to the GEHP heat output in Figure C-18. 
There are only a few data points for the solar thermal system because anomalous temperature 
data was removed. The average ratio of solar thermal system heat output to GEHP heat 
output for days where there was useable non-zero data for each was 66 percent (i.e., the 
solar thermal system provided 66 percent as much heat output as the GEHP system on 
average when both systems were operational and M&V data was available). There were 
47 such observations. Figure C-18 also indicates that the solar thermal system can output 
significantly more energy when the GEHP system is not running. This is because it works 
better when the inlet water is colder. 
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Figure C-18: Daily GEHP Gas Usage, GEHP Heat Output, and 
Solar Thermal Heat Output (Retrofit Period) 

 
Source: NegaWatt Consulting 

Figure C-19: Daily Average GEHP COP (Retrofit Period) 

 
Source: NegaWatt Consulting 
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Figure C-20: Daily Average Temperatures at the GEHP Plant (Retrofit Period) 

 
Source: NegaWatt Consulting 

Figure C-21: Daily Water Flow through the GEHP and Solar Thermal (Retrofit 
Period) 

 
Source: NegaWatt Consulting 
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Figure C-22: Daily Boiler Gas Usage and Boiler Net Heat Output to Tank (Retrofit 
Period) 

 
Source: NegaWatt Consulting 

Figure C-23: Daily Average Boiler Efficiency (Retrofit Period) 

 
Source: NegaWatt Consulting 
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Figure C-24: Daily Boiler Gas Usage (Retrofit Period) 

 
Source: NegaWatt Consulting 

Figure C-25: Daily Average Temperatures at Boiler Plant (Retrofit Period) 

 
Source: NegaWatt Consulting 
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Figure C-26: Daily Average Temperature Deltas at Boiler Plant (Retrofit Period) 

 
Source: NegaWatt Consulting 

Savings Estimate 
Gas usage was higher during the retrofit period as compared to the baseline period, so savings 
are not reported. 
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