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Executive Summary

The CaINEXTET23SWE0067Smart Controls for DatéDriven Indoor Agriculture Field Evaluation
project, conductedfrom 2023 to 2025, exploredthe market potentialfor and evaluaed the impact
of 0 mart controlsdtechnologies oncontrolled environmentagriculture (CEA) This method of
agricultureinvolves the cultivation and manufacturing dioriculture, food, and cannabigproducts.
Thestudy focusedon automated, integrated, and intelligent environmental controls technologies
used in indoor and greenhous€EAfacilities in California.Smart controlsmonitor, evaluate and
controlenergy consumption of h e f a c iing, ventilatibls, antl ar @anditioning lighting; crop
irrigation; and nutrient managementsystems.

The projectinvestigatedsmart CEAcontrols, whichmust be capable of one or more of the following
functions:

1 Automation: Hardware and software that optimize individuaLEAsystems reducing laborfias
well aselectricity use anddemandfi by implementing control strategies for lighting, HVAC,
and irrigation systems These strategies include cheduling, dimming, daylighting,
temperature and humidity optimization, staging and modulation of pumps and fans, and
demand management.

1 Integration: Hardware and software that optimizand connectCEAsystemdiincluding
lighting, heating, ventilation, coolingas well asirrigation and fertigationfito electricity use
and demand.

1 Artificial intelligence: Hardware and software systems thatise machine learning, cameras
and sensing technology t@ptimize resources like wateand fertilizer, as well aselectricity
use and demand, based on plant growth and quality characteristic§ hese characteristics
include light levels, temperature humidity, airflow, and irrigation flowratesamong others

The project included a market assessment, field evaluations, and this technology roadmap to identify
cost-effective energy efficiencyand demand response measures for smart environmental controls in
Cal i f GEAsect@. Dhe technology roadmap shares five program pathway recommendatipns
including ideas for two nevwenergy efficiencymeasure packages:

1. Developa deemed measure package for greenhouse supplemental lightibgily Light
Integral controls. Investorowned utilitiesmay have onlythree years to implement arenergy
efficiencyprogram forDaily Light Integral controls beforethe energy code requires this
automation strategy.

2. Develop a deemed measure package for greenhouse ventilation fan variable frequency drive
controls. The existing agricultural fan measure is not applicable to greenhouses.

The following sections of this Executive Summary provide introductory smart controls definitions and
highlighted findings from the various phases of the studRefer to theObjectivessection of this
report to understand the methodology and stakeholder engagement results for each mechanism.
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Market Assessment Highlights

During the market assessment phase of the project, literature review, surveys, interviews, and site

visits supported a characterization of smart CEA controls adoption, technology penetration, and

energy savings potentialTableldef i nes t he five categories of <cont
2025 controlled environment agriculturenarket, and the CEA Controls and Automaticsection of

this report provides additionaldetail.

Highlights from the market assessment stakeholder engagement mechanisrage below

Literature Review

Theteam conducted aliterature reviewin 2023, whichassessd more than100 academic studies,
trade journal articles, industry publications, and conference proceedindlefer to thelntroduction
and Backgroundsectionsof this reportto understandthe waysCEAoperations use electricitytypes
of existing CEAcontrolstechnologies currently availableoff-the-shelf technology the latest vendor
offerings in the market and insights on controls decisioamaking logc. These sections also provide
information onthe energy savings potential of various controls strategies for lightirfgeating,
ventilation, andair conditioning and irrigation systems.

Findingsincluded demographics of indoor and greenhouse growers in Californwhich canhelp the
investorowned utilityenergy efficiency programsinderstand thecontrolled environment agriculture
market to gain insightson energy efficiencyopportunities in this sector.

1 California had4,611 greenhouses and indoor farms comprising,185 acresfior 313 million
square feefiin 2022. This represents an 87percentincrease since 2017, mostly reflecting
growth in the greenhouse industry.

1 61 percentof everysquare footof a CEAfacility in California isused for greenhouse floriculture
or nursery crop production.

1 Nine controls strategiesdentified in this reviewcan reduce lighting; heating, ventilation, and
air conditioning and irrigation systemselectricity consumptionby up to 69 percentin
Californiagreenhouses and indoofarms.

Surveys

Growers across the state of Californighared information in 2024 about their baseline control

systems and level of automation, integration, and intelligencBRefer to theSurvey Resultsection of
this report for data visualizations of survey responsde understandthe CaliforniaCEAmar ket 6 s
adoption of smartcontrolled environment agricultureenvironmentalcontrols and barriers toenergy
efficiency, more detail is available iMAppendix B The average facility sizeepresented bysurvey
respondents is259,000 square feet, andthe median facility sizerepresented in survey responses
65,520 square feet.

CEACONTROLSADOPTION
9 LargeCEA farmsgreater than 100,000 square feefithat grow foodare more likely to employ

smart environmental controls tharsmall CEA facilities, o€EA farms that cultivate cannabis or
floriculture crops.

1 Respondents employing smart environmental controls were the only growers monitoring energy
use at the system level.
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BARRIERS TO ENERGY EFFICIENCY
1 When surveyed about energy efficiency projects, 40 percent afrgey espondentswere
primarily concerned withsystem performance while 30 percent were concerned with
associatedcapital cost
1 A majority of respondent887.5 percentiiwanted dmple payback periods shorter than five
years while 37.5 percent of respondents preferregpaybacks of less than two years.

Interviews

Industry experts and stakeholders across nine key CEA market segments provided feedra@024
and 2025. Thelnterview Findingssection of this reportillustrates the level ofsmart environmental
controls adoption across food, floriculture, and cannabis cultivators in Califorpiaalsoincludes
additional insights onthe energy savings potential ofmart environmental controlsas well as
industry perspectives aboubaselines, industry standard practice, and the status of standards,
energy codes, and thirgbarty certification programs affecting CEA facilities.

SMART CONTROLS ADOPTION
1 Energy code requirements fasmart CEAcontrols are notin the final proposed measures for

the 2025 code cycle but there may be requirements introduced for the 2028 cycle

1 A thirdparty certification organization may create a qualified product library for networked
horticultural lighting controlsthat could soon be available for Californignvestorowned utilities,
whichincentive programswill be able toreference

i California cannabis, tomato, vegetable, herb, and strawberry growers are more likely to use
smart heating, ventilation, and air conditioningontrolsthan some floriculture growers due to
higher profit margins and tighter planspecific environmental requirements.

1 The levelof irrigation controls sophistication is heavily influenced by crop type.

Site Visits

The project team visited fouCEA operations in four California climate zon&s observe controls
systems in the field and assess energy monitoring capabilitidRefer to theSite Visit Resultsection
of this report to understand the level of smart controls adoption in each greenhouse and indoor
farm. Appendix dncludes systemlevel information for each sitewith the average facility size
representedat 1,224,950 square feet, and the median size a#3,900 square feet.

CEA CONTROLS
9 The ndustry standard practice observed at site visits demonstrated higher levels of controls

automation than surveys or interviews.
1 50 percent ofthe facilities the team visitedused smart CEA controls for multiple systems.

EnergyAnalysis

Two data sets of &ectricity consumption historyhelped characterize the California CEA market in
investorrowned utilitiesterritory. The first data set uses monthly utility bill datisom two greenhouses
and one indoor farm in Californigo understand monthly electricity use, peak demand, and electric
energy use intensity fom 12-month period. The second dataset uses a larger sample of CEA facilities
using data shared by Pacific Gas & Electric tomparesmaller, mediumsized, and larger growers.
Refer tothe Energy Analysisection of this report to review detailedhformation fromthe two data

sets.
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SITEELEVEL ENERGY BENCHMARKING
1 Indoor farm electricenergy use intensitycan be 29 times higher than greenhouse electric
energy use intensity
1 Large greenhousegrowers consume more electricity in wintelikely because large
greenhouses typically use artificial lighting seasonally for photoperiod extension. For this
reason, large growers may presetihe greatestopportunity for energy savings froramart
horticultural lighting controls.

Technology Roadmap Highlights

Using the recommendations from the market assessmerds well asthe results of field
demonstrationsin three hardto-reach communities in Californiathe Technology Roadmap identified
and detailedlow-cost, readily available solutions for adoptiginespecially those that would be
successful in disadvantaged communitiesThe Recommendationssection of this reportprovides an
initial list of measures identified for further investigation in the field demonstrations phase of the
project.

Field Demonstrations

The team installed snart controls systemsn three greenhouses and one indoor farnm Californiato
evaluate the energy savings potential of smart controls for CEA process systemd uncover a
strategic direction for smart controls progrardevelopment. These systems observed energy and
environmental data for six months

ENI%RGY SAVINGS POTENTIAL
T Automated greenhouseDaily Light Integral controls have the potential to achieve 530

78 percentelectricity savings across leafy greens, tomato, and cannabis greenhouses in
Cal i f a6rCZi ad s

T Automated greenhouse ventilation farariable frequency drivecontrols have the
potential to achieve an average of 6percentelectricity savingsacros€al i f orni ad s
cz

HARD-TO-REACH CUSTOMER INSIGHTS

9 CEA businesses are more likely to b®rd-toreach customers because concentrations of
cultivation facilities are inCaliforniacounties that satisfy the geographic criteria. This means
CEA businesses ihard-toreach counties arehard-to-reach customers if they meeone of the
other criteriafisuch ashavingleased buildings,being non-English speakerspr being amicro-
business with less than 25 employees.

i Consider implementing rebate programs upstream with manufacturers and distributors to
acceleratethe adoption of smart CEA environmental controls.
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Glossary of Terms

Controlled environment agriculture(CEA) Cultivation of crops under protection in spacesncluding
greenhouses and indoor farmsReferred to ascontrolled environment horticulturan California Title
24 energy code.

Controlled environment horticulture(CEH) Cultivation of crops under protection in spacésncluding
greenhouses and indoor farm8as defined by California Energy Code Title 2Bart 6 for CEH.

Decision tree:The simplest form of logic where data inputs are interpreted bytifen-else decision
rules to predict output variables.

Energy useintensity: Expresses a building's energy use as a function of its size or other
characteristicsusing units ofkilo British thermal units per square foot per year

Extendedphotosynthetically active radiation(ePAR):Photons from the 400to 750 nanometers(nm)
wavelengths.

Extendedphotosynthetic photon efficacy (ePPE)Ameasure of theenergy efficiencyof horticultural
lighting systems that describes the amount &PARproduced per unit of energy usedheasured in
micromoles perjoule (umol/J).

Far red:Light spectrum from 700to 800 nm, considered the extended PAR (ePAR) spectrum.

Feedback:Control loop thatmeasures disturbances in the output of the controlled variabkgter they
affect the system.

Feedforward:Control loop thatmeasures disturbances before they affect theystem.
Fertigation: The practice of applying fertilizer solutions with irrigation water

Fuzzy logicAmethodology for variable processing that accommodates multiple possible truth values
within the same variable.

Intercanopy lighting:Equipment delivering light to plants at lower elevations of plant canopy.

Model predictive control:An optimizing logic modethat minimizes a cost function for a constrained
system over a finite time horizon.

Neural networks:Atype of machine learning model inspired by the structure and function of the
human brain that learns to recognize patterns and relationships in an example dataset and adjust
the weights of each connection to reflect them.

Photoacclimation: A lightingcontrol strategy where light intensity is gradually increased as plants
grow week by week.

Photosyntheticallyactive radiation: Photons from the 400to 700 nm wavelengths.
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Photosynthetic photon efficacy’Ameasure of the efficiency of horticultural lighting systems that
describes the amount ofpphotosyntheticallyactive radiation produced per unit of energy useth units
of umol/J.

Photosynthetic photonflux: Ameasure of the amount ofphotosyntheticallyactive radiation photons
hit a surface, like a plant canopy with each secondin units of umolper square meterper second

Policy gradients:Helps reinforcement learningprograms maximize expected rewards by following a
policy.
Proportionakintegral-derivative: Acontrol loop mechanism employing feedback

QHearning: Apopular offpolicyreinforcement learningalgorithm that uses an action value functiofi
the Qfunctionfito learn an optimal policyand update the algorithmiteratively.

Reinforcement learning:Atype of machine learning focused on decisiamaking and control through
a feedbackbased approachthat maximizes cumulative rewards by learning which actions lead to
desirable outcomes

Shade curtain:A greenhouse curtain designed to limit solar radiation received by plants.

Smart CEAenvironmental controls: Environmentafilighting; heating, ventilation, and air
conditioning or irrigationficontrols for greenhouses or indoor farms that are capable of automation,
integration, and/or artificial intelligence

Solessource lighing systems Equipmentdelivering light to plants that do not also receive light from
the Sun.

Substrate: The media used for growing plantsincludingsoil, peat moss, coco coir, and rock wool.

Supplemental lighting systems Equipmentdelivering light to plants in greenhouses during light
limiting conditions to increase crop growth.

Sunrisesunset: Lighting control strategy where lights are gradually turned amd off over time rather
than turned on instantaneouslythis may include spectral tuning.

Value functions:Acomponent of reinforcement learningroviding a quantitative representation of
expected cumulative rewards.

Vapor pressure deficitAnumeric value that calculatessvapotranspiration potentialCEA spaces
based onspacetemperatures and humidity levelsmeasured in units of kilopascals (fPa).
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Abbreviations and Acronyms

Acronym Meaning

Al Atrtificial intelligence

CalTF California Technical Forum

CEA Controlledenvironmentagriculture

CEH Controlledenvironment horticulture

CHP Combinedheat and power

Co Carbondioxide

Ccz Climate Zone

DAC Disadvantagedcommunities

DLI Dailylight integral

EC Electricalconductivity

EE Energyefficiency

ePAR Extendedphotosyntheticallyactive radiation

ET Evapotranspiration

EUI Energy use intensity

FB Feedback

FF Feedforward

FR Far red

ft2 Square foot

GLASE Greenhouse Lighting and Systems Engineering

HTR Hardto-+reach

HVAC Heating,ventilation, andair conditioning
Caf’ ET23SWE00673 Smart Controls for DateDriven Indoor Agriculture Field Evaluation

Final Report
viii



Acronym Meaning

[e]V)
kBtu
kW
kwWh
LASSI
LED
MBH
ML
MPC
NN
PAR
PG&E
pH
PID
PPE
PPFD
RH
RL
SCE
SDG&E
TPM
VFD

VPD

Investorowned utilities

Kilo British thermal unit

Kilowatt

Kilowatt-hour

Lighting andshade systemintegration
Lightemitting diode

Thousands of Btu per hour
Machine learning

Model predictive control

Neural network
Photosyntheticallyactive radiation
Pacific Gas & Electric

Potential of hydrogen
Proportionatintegralderivative
Photosynthetic photon efficacy
Photosyntheticphoton flux density
Relative humidity
Reinforcementlearning

Southern California Edison

San Diego Gas & Electric
Technology Priority Map
Variable frequency drives

Vapor pressure deficit
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Acronym Meaning

VSD Variable speed drives
VWC Volumetricwater content
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Introduction

ThisET23SWEO0067 CaINEXT projectxplored the market potential and evaluaté the impact of
smart controls technologies ortontrolled environment agriculturg CEA throughliterature review,
surveys, interviews, and site visitsThe sections below provide an overview of the 2024 California
CEA marketalso referred to ascontrolled environment horticulturg CEH).

Horticultural lightingwas identified as a high priority in the 2023 version of the CaINEXT Lighting
Technology Priority MaplM (CalNEXT 2023)The2023 CalNEXT Process Loads TRudentified
controlled environment food system@such as efficientheating, ventilation, and air conditioning
(HVACaNd irrigation controlgias a medium priority (CaINEXT 2023nvironmental controlsvere
identified as an opportunityby the Lighting TPMor both energy efficiency (EEBnd demand
flexibility.

Market Overview

CEAis a segment of the agricultural industrywhere crops are growmnder protectionfrom outside

conditions like wind, rain, and snoWeither inside a building or within a boundary layer like a
greenhousdiand which he United StatesDe par t ment of Agriculture def i ne
protectiond (USDA 2024). The California Energy Co
2022 version of Title 24, Part 6: greenhouses, conditioned greenhouses, and indoor growing (CEC

2022). Greenhouses are growing facilities with a skyligtttof ratio greater than or equal to 50

percent, while onditioned greenhouses have heating systems with a capacity exceeding 10 Béu

hour persquare foot,or cooling systems with a capacity exeeling 5 Btuper hour persquare foot

Indoor farms are defined as a type of CEA space in a building witbkglightroof ratio of less than 50

percent

The benefits of CEA cultivation over conventional field farming are valued by growiekgstors,and
consumers (RIl 2021) Additionally, mdustry stakeholders appreciate access to yeaound crop
harvests, enhanced product qualitywater use efficiencyand increased canopy productivitySCE
2021). A key benefit of CEA production is the decreassduare footagerequired to grow crops when
compared to field farmingfor example,one acre of CEA food farming can achieve the same
production capacity as a 35acre field and produce 20 harvests per yeafQuackenbush 2022).

In recent years, concerns about regional food systems, food secunitsater scarcity,global

population growth and impacts ofmore frequent andextremeweathereventsand natural disasters

due to climate change hae driven more growers to use CEA for stable and resilient production

(Morlino 2024).However, CEA oOcan also create inequalities
especiallysmals c al e and f emal e aRAG2022)u The devepment of oanivee r s 6 (
programs andinvestorowned utilties (IOUsupport systems can help to reduce barriers to adoption

of advanced controls systems for theshard-to-reach (HTRbr disadvantaged producers, addressing

inequalities within theCEAIndustry (RIl 2021a)

More greenhouses and indoor farms are being built in California to meet increasing demandafor
consistent supply of higkquality horticultural products. In 202, there were 4,611 active California
CEA operationgrowing food, floriculture, and cannabi§JSDA 2024 DCC 2024. The number of
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California CEA farshas grownconsiderably since 2017, when thee were only 2,464non-cannabis
CEA operationgUSDA 2019).

Figurel shows the distribution of California CEA operations by crop typeludingfloriculture,
cannabis, and food cropsThe @nnabislicense data reflects active licenses as of March 2024 (DCC
2024).

CALIFORNIA CEA FACILITIES BY TYPE

W Floriculture W Nursery Crops m Propagative Materials
WHemp ® Cannabis (THC) indoor W Cannabis (THC) Greenhouse
W \egetables & Herbs W \Vegetable Seeds & Transplants W Tomatoes
WFruits & Berries ® Mushrooms
51, 1%
5 65, 1%
247,5%

Figure 1: California CEAarms by crop type.

Source:USDA 2024; California DCC 2024.

Figure2 describes the footprint of the California CEA industrysiquare feet, illustrating thatthere
are 313 million square feefior 7,185 acresiiof greenhouses and indoor farms in Californi®1
percentof everysquare footof a CEA facility in California is for greenhouse floriculture or nursery
crop production.
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CALIFORNIA CEA INDUSTRY FOOTPRINT
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Figure 2: California CEAfacility square footage by crop type

Source:USDA 2024; California DCC 2024.

California CEA Floriculture and Nursery Production

As thedflowergardené o fUnitechStates California produces 2(percentof t he nati onds n
and floral products (CalFlowers 2021, Carman 2020yvith floriculture salessurpassng $3 billionin

2024 alone (USDA 2024). Floriculture and nursery crops account for @&rcent of California CEA

facility area, with 34 percentaccounting forfloriculture and 27 percentfor nursery crops CEA

operations growing propagative materiafssuch as bareroot divisions, cuttings, liners, plugs,

seedlings, tissue culture, plantlets, and prefinishédmake up 14 percentof a California CEA factly

area.

California CEA Cannabis and Hemp Production

Adultu s e cannabi s eiglahemost Valeabls dropim 2022 swith a market value of $1
billion (Leafly 2023). Howeverthat value dropped by 26percentfrom 2022 to 2023 due toa
surplus of productdecreasingwholesale prices(Yakowicz 2023) Simultaneously, thecultivation
canopy shrunk by 15ercent, with competitionfrom the illicit marketincreasingwhile state taxes
squeezed growers and economic conditions worsen¢fchaneman 2023).The active commercial
cannabis cultivation license counfwhich includes indoor, mixed light, and outdoor growers)
decreased by 60percentfifrom 5,481 in November 2023 tojust 2,210 in March 2024fidue to a76
percentdip in active outdoor licensegDCC 2024) While cannabis and hemp cultivators operate 34
percentof California CEA farms, they accowed for only 6percentof t he st ateds CEA f a
2024.

The California Department of Cannabis Control licenses greenhouse facilities as either Tier 1 or Tier
2 mixedight operations which aredefined by lighting systems: Tier 1 operations may use up to 6
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watts of artificial light persquare foot,and Tier 2 operations may use between 6 and 25 watts of
artificial light persquare foot(DCC 2024a)

Indoor and Tier 2 mixedight commercial California CEA cannabis licenses accounted for percent

of the 2,210 active licenses in 2024 (DCC 2024)Greenhouse licenses decreased by 4fFercent
between Novembei2023 and March 2024, while indoor license counts remained stableSee
Appendix A: California Cannabis Licensees by Couotya table of California indoor and greenhouse
cannabis licensees by countyLos Angeles County has the greatest concentration of indoor cannabis
licensees and Monterey County has the greatest concentrationTaér 2 mixedlight greenhouse
cannabis licensees.

The illicit cannabis market in California may still comprise s ubst ant i al portion of
cannabis industry h owe v er , propordon of amdodr and greenhouse operations is
unknown.

California CEA Food Crop Production

California has the largest greenhouse vegetable industry in thimited States with the market value

of CEA vegetables and herlgrowingby 42.3 percentbetween 2017 and 2022 (UDA 2019, USDA
2024).Whi |l e Californiads temperate cli mat e+ound,n be i
723 California CEA operators grow food crafgsuch asvegetables and herbs, tomatoes, fruits and

berries, and mushrooméin greenhouses or indoor farmswhichaccount for 14 percentof the total

CEA farm area. This includes @ercent of the CEA farm area for vegetables and herbs,g&rcent

tomatoes, and 2percentfor mushrooms.
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Background

This study focuses ompportunities for smartCEA environmentatontrols strategies to reducehe
energy consumption driven by three CEA process systems for optimizing climate control and plant
production: horticultural lighting, HVACand irrigation.

The following section describes the energy consumed by CEA facilities, explores CEA controls
technology components and decisiemaking logic, and examines the energy saving potential of
various CEA controls measures.

CEAFacility Energy Consumption

A principal drawback ofndustry standard methods foICEA cultivation is the energy consumption
required to operate process systems for climate control and plant productiomhich accounts for up
to 60 percentof greenhouse or indoofarm operating costs (ACEEE 2019CEA facilitiesin general
can have large environmental impacts due to energy use from process systems like lighting and
HVACSpecifically, the energy intensity withi@alifornia CEA operationsan be between40 to 150
kWh persquare footbased on plantspecific parameters such ascrop type and number of racks for
vertical farms, lighting and HVAC equipment efficiency rating, and controls characteristics like
lighting schedules and temperature setpoins (SCE 2021).

A study surveying 336 global CEA facility operatans2021 found that vertical farms use 39 kwWh per
kilogramof harvested crop, on averageRespondents reported thabn average, 34 percent oknergy
use for CEA operations driven byHVACwhilean average of33 percentis driven bylightingf but
these systemsdirect energy use very differently for greenhouses and indoor farms (WayBeyond and
Agritecture 2021).Figure3 belowshowsresponses forgreenhouses, labeled asGHin yellow and
indoor vertical farms labeled asVF in green. Greenhousenergy use ispredominantly driven by
cooling, ventilation, and mechanical motors for running irrigation pumps and horizontal airflow fans
while indoorvertical farm energy use is primarily driven by lighting systentsnergy consumption
associated withhorticultural lightingcan represent up to 30percentof the operational costs in lit
greenhouses (GLASE 2024).

55%

% GH vi 1l
0% g
05 11%
8%
N 5% 5%
. 2% 2%
[ |

Lighting Heating Cooling/ Mechanical Automation All other
vents (Graph 55

Figure 3: CEAfacility energy end uses.

Source: WayBeyond and Agritecture 2021.
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Detailed energy use information fodSCEA facilities is hard to come by, and researchdrave found
that many CEA companies are reluctant to share this data (fp8 2024). A national sample of five
indoor farms and seven greenhouses described benchmarks f8Ein kBtu per square footand
energy productivityin kBtu per poundof fresh produce accounting for all energy sources like
electricity, natural gas, and delivered fuelRIl 2023). However, thiseport did not include any
facilities in the state ofCalifornia.

Lightingsystems can account for 3Go 50 percentof electricity usage for Californiaindoor farms
(SCE 2021) Figure4 describes the proportion of electricity usage driven tnorticultural process
equipment:lighting, heating, ventilation, dehumidification, air conditioningnd cooling, irrigation,
and miscellaneous systems likearbon dioxide(CQ) enrichment.

Electrical Energy Usage for Indoor Farms

Lighting W Ventilation and Dehumidification Cooling MHeating Wimigation MWCO2 Envichment & Misc,

Figure4: Indoor farm electrical end uses

Source: SCE 2021.

The energy consumption of CEA facilities is highly dependent on system design decisions around
lighting, HVAC, and G@nrichment, with the most energy efficienscenariosconsuming46 to 49
percentless energy than the least efficient scenario (Eaton et al. 2023).

CEA Controls and Automation

Process equipmentwhich contributesto the bulk of the energy consumptioiin CEA facilitiescan be
operated manuallyor be automated with a control system.

Theseprocess system controls incorporate diagnosis v&ensors that monitor realworld conditions
and decisionmaking through software programs thatevaluate sensor data and implement control
sequences of operation
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Sensing and Monitoring

CEA control systems monitor and evaluate actual conditions reported by sensing equipment in
cultivation spaces before controlling a processystentilighting, HVAC, or irrigatigito maintain
standard operating procedures foa facility, e.g.target light intensity, space temperaturgrelative
humidity, and soil moisture content.Sensors can be of varying accuracy and durability; while
residentiakgrade sensors are not suitable for CEA applications, businegsde, industrialgrade, and
scientificgrade sensas can perform in harsh conditionssuch as space temperatures exceeding
90° Fand relative humidity ratios exceeding 9@ercentof a greenhouse or indoor farm. Sensor
guality can be distinguished withinternational Electrotechnical Commissioratings likeingress
protection.

CEA controls can uswired or wireless sensorsthe value proposition depend®n the application.

Wired sensors offer reliability and stability, with consistent connectivity and low latency, making them
suitable for environments where redime data transmission is crucialWired sensorsalso benefit

from a continuous power supply, high data transmission rates, and enhanced secusty the
sensorscan servescenarios where consistent and secure data flow @ucial. However, thewired
sensorsdeployment can be costly and complex over large areas.

Wireless sensorssupport smartenvironmentalcontrols applicationsin CEA operationsvell due to
their longrange capabilities and low power consumptignvhich allow the sensors taransmit data
over several kilometers and operate for years on a singteil cellbattery. Wireless sensors can be
more cost-effective for monitoring extensive fields, as they eliminate the need for extensive cabling
and simplify installation and maintenance. Additionally, the scalability and flexibility of wireless
sensors support rapid deployment and integration into divse ecosystems, enabling efficient remote
monitoring of agricultural resources like energy and water.

While both sensor types have distinct advantages, wireless sensors are particuladeful for large-
scale, dispersed, and remote agricultural applications, enhancing the efficiency and sustainability of
smart farming practices(Microclimates 2024).

Automation

Automation can be defined by levels of increasing system controllability, connectivity, and
intelligence. The iive major categories of CEA controls are described belowTiable1. At Level 0, a
human operator completes diagnasg the current system status, decides what action to take, and
controls the process systems. At Level 4, diagnosis, decisimraking, and automation are all
autonomously performed by hardware and software. WhNéanual and Basic controlsfiLevels 0 and
1 respectivelyiare the most common and least costly, Automated, Integrated, and Intelligent
controlsiiLevels 2 through 4iare scalable and can manage multiple process systems; both
characteristicsare keyto advancing CEA resource efficiencyMlanufacturers of Automated,
Integrated, andIntelligent smart control systems provide a universal platform for growers to reduce
costs, maximize efficiency, and increase crop value (Microclimates 202Bjr this study,smart CEA
environmental controlsare defined as Levels 2, 3, and 4 idablel1 below.
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Table 1: Categories of CEArocess system controls

Categories of Control Energy Savings

Technology Potential Technology Scope

Manual controls include on/off switchesand
Level & Manual control Lowest allow growers to maintain system setpoints
with a human touch.

Basic controls include programmable
thermostats and timersand allow growers to
Level I vary system setpoints and schedules
Basic control

= independently at a system levelsing simple

hardwarethat reports actual conditions in
the cultivation space.

Automated controls include standalone

controls, like step controllers and remotely
Level 2 Automated Moderate monitor and control system setpoints and
controls schedules independently at a system level
They usesensorsthat report actual

conditions in the cultivation space.

Integrated controls include connected
monitoring and automation systems
exchanging information between multiple
types of process equipmentTheyremotely
monitor and control system setpoints and
schedules across two or more process
systems using sensorsthat report actual
conditions in the cultivation space.

Level 3 Integrated controls [gllslp

Intelligent controls use machine learning,
artificial intelligence @), or datadriven logic
to monitor conditions, determine setpoints
and schedules simultaneously for all process
systems using sensors reporting actual
conditions in the cultivation space.

Level 4 Intelligent controls glls|glsE1s

Source RIl. 2024. GLASE 2024.

Automated control systems for CEA lighting, HVAC, and irrigation equipment can comprehensively
improve facility performance; advanced control systems have been proven to raise productivity,
increase system resilience, increase product quality, increase egg and water efficiency, and
increase sustainability(RIl 2021a).
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CEA Controls Integration

Integratingcontrol systems can not only optimize resource utilization but can also enhance system
effectiveness and foster healthier plant growt(lliev et al. 2013) Various environmental factors
interact intricately to influence plant growth and productivity. Light received by plants directly
impacts plant transpiration rates, which in turn affects the amount of water required for adequate
irrigation. Further, leafwater transpiration contributes to changes in atmospheric relative humidity,
which is invesely related to temperature. These interdependencies highlight the necessity of
integration between environmental control systems in CE&nd failure to consider these interactions
leads to inefficiencies or counterproductive outcomes.

Integrated systems often categorize input and outpui®r controlled variablesiinto the following

three categories Atmospheric, Lighting, and Irrigation/Fertilization. In this study, thesgstem
categoriesare referred toas HVAC, Lightingnd Irrigation.The input variables described inTable2
below, can be fed into combinations of automation loops and controls, allowing one system to inform
the operation of another.

Table2: CEAprocess system controls variables

System

Category Variables

Space temperature, space relative humiditgir speed,space CQ
concentration, leaf temperature substrate (grow mediajtemperature.

Lighti Total ight intensity received from the Suntotal light intensity from electric

ighting L
lighting systems, spectral treatment

Substrate moisture contentsubstrate potential of hydrogen |§H), substrate

Irrigation electric conductivity (EC), nutriergolution pH, nutrient solution EC, root zone

temperature.

Source:RIl 2021a.

Decision-Making Logic for Automated CEA Controls

HVACand other CEA facility systems like lighting and irrigatiare typicallyautomated using a
hierarchical control structure designed to achieve horticultural objectives, such as maintaining
temperature within a cultivation spaceLocaHoop controlmay control a single setpoint while
supervisory contromay specifysetpoints and implement schedules, monitor energy usage, or
reduce peak demand to decrease energy costs (ASHRAE 2019).

Automated control approaches vary widely and can use various logic models. The most notable
models employed for CEArocess system automatiorat Level 2 controlare decision trees,
proportionakintegralderivative (PID)control, andmodekpredictive control (MPC)

DECISION TREB
Decision treesare the simplest form of logic for automated CEA controlghere data inputs are

interpreted byifthen-else decision rulesto predict output variables. This logionodel can also be
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described as a piecewise constant approximatioDecision trees can accept qualitative and
guantitative data and are highly adaptable to diverse applicationbut theyoften output yes/no
decisions.Given the simplicity of the logic, decision trees are not continuous and are poor
extrapolatorsand poor interpolators(Breiman et al. 1984) However, @cisiontrees are easy for CEA
operators to interpret and visualizeincreasing accessibility to growers with little to no controls
experience. This allowgrowers toindependentlyupdate decision treeprogramming settings.

PROPORTIONALINTEGRALDERIVATIVE(PID) CONTROL
PIDcontrollers first emerged in engineering science in the early940s and became popular for

industrial and military applications after the advent of digital computers in the 1950#/inorsky
1942, Ogata 2010). Figure5 belowdescribes the logic model for PID controllers.

Controller
Error Output
— Gels) [re—
E(s) P(s)
= Kc P
E(s) | _*+ P(s)
2K, vy ——o—

—1ReTgS

Figure5: PID control logic.

Source:CalTech 2004.

Figure5 illustrates howdata inputs are translated into controller outputs by PID control algoritism
An error term(E(s) is continuously calculated as a deviation of redime sensor readings from an
established setpoint. This is fed into the gain functioft(s), which is comprised of three responses:
a proportional, an integraland a derivative piece. Kand t represent the response gains and time
constants, respectivelyand thesum of these three responses represents the controller outp(R(s).
These terms may be used separately or in various combinations, depending on the needs of the
system(Schneider Electric 2020)

The PID controller is one of the most widely used control algorithms in the buildings industry, ted
controld gersatility and robustness have made it a standard tool for controls engineering. Despite
advances in technology, the PID controller remains a popular and effective control algorithm due to
the simplicity, ease of implementation, and ability to provide satisfactory control in a wide range of
industrial processes.

PID algorithms are used ifieedforward (FFpr feedback (FB)oops, and are usually combined for
performance and stability. Fifneasuresdisturbances before they affect the system and conti®l
accordingly, while FB measures disturbances in the output of the controlled variable and adjusts the
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control accordinglyWhen used in conjunction, FF and FB loops using PID controls offer robust
performance and stability.

Climate control is a good example d¢iF control applied to CEA facilitiesshere sensorscan monitor
actual greenhouse conditions to control horticultural lighting systems, HVAC equipmenttfor-
controlled vents andshading curtains,and irrigation valves This allows the system tonaintain

target environmental conditionssuch as space temperature and relative humidity (Kolokotsa et al.
2010).

MODEL PREDICTIVE CONTROWMMPC)
Modelpredictive control (MPCis an optimizinglogic modelthat minimizes a cost function for a

constrained system over a finite time horizon. THdPCalgorithms are currently the most highly
researched control systems in greenhouse applications, and are designed to minimize energy
consumption, maximize profitand maximize crop qualitfWageningen University 2022)

MPCmodels continuouslysolve an operdHoop optimization problem for a predefined system function
over a specified prediction horizon. At each time step, MPC predicts the future behavior of the
system based orthe current state and applies control actions derived from the optimization solution.
Following the application of these controls, MPC reassesses the system state, adjusts the prediction
horizon, and reiterates the optimization process to generate new conteations for the next time

step. This iteraive approach allows MEto adaptively respond to changes in the system dynamics
and environmental conditions, thereby optimizing control actions in raahe (Anderson et al. 2024)
Thiscontrol logicis demonstrated inFigure6, wi t h 0 R Hi@&deceslingdhorizoh gontrolg

f'u_tu‘rc Irlp-ult trajectory |, RHC predicted future output

-1
! | Iy

. Plant AN
— _ Model p N See
prediction horizon {} - s
f———————————
prediction horizon

|: Plant _,{ current dynamic

system states

Figure6. MPCcontrol logic.

Source:Farag 2019.

Anadvantage of MPC ishe ability to anticipate future disturbances and incorporate them into the
control strategy allowing for proactive responses to changing system conditions. Unlike other
automated CEAcontrol strategies, MPC can handle nainear systemsand can optimize multiple
objectives simultaneously. Further, the model can explicitly consider physical, safetyoperational
constraints, ensuring that control actions remain within acceptable boundkbid.).

However, despite these strengths, there are several drawbadksMPC.MPC logic for greenhouses
depends on reliable and accurate weather forecast datdhe computational complexity of solving
optimization problems at each time step is significant and can incur long calculation times and high
costs, and uncertainty in model parameters or disturbances can lead to inaccuracies and instability
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Selecting an appropriate prediction horizon is necessary for MPC operatimri can be challenging
and require iterative tuning(lbid.)

Decision-Making Logic for Integrated CEA Controls
Advanced control approaches integrate systems together. The most notable models employethfor
Level 3 controlCEA process system integratias fuzzy logic

FUZZY LOGIC
Fuzzy logids a methodologyfor variable processing that accommodates multiple possible truth

values within the same variable. Models with fuzzy logic are capable of recognizing, representing,
manipulating, interpreting, and then using vague or uncertain datevhichis especially important in
integration, where multiple true optimums may exist across systems. The addition of fuzzy logic to
integrated controls allows for adaptivity and flexibility, allowing input and optimization of several
different systems at once and italso accouwnts for the nonlinearity and complexity of crop dynamics,
which can be unknown and change rapidly. Fuzzy logic also increases computational speed and
allows for the integration of nomumerical human expert knowledge to be incorporated into the
controls (liev et al. 2013).

This increase in complexity does come at a cost; fuzzy logic excels in handling imprecise and
uncertain data, and therefore is not optimal for precision controls. Further, the training and tuning
required for the model requires significant effort when selecting appropriate variables, functions and
rule sets, and finetuning parameters.

Decision-Making Logic for Intelligent CEA Controls

The most sophisticated logic models appiachine learning(ML)to integrated and automated control
systems. Models of CEA process systemsat Level 4 control use neural networks (NN) and
reinforcement learningfor intelligent decisionmaking.

NEURAL NETWORKSNN)
Inspired by the structure and function of the human brain, neural netwokkL modelsystems consist

of interconnected nodes or neurons, which are organized in layers and linked by weighted
connections. Each neuron receives input data, performs a mathematical operation, and passes the
result through the weighted connections to the next layer. Through a process cati@ihing, NNs

learn to recognize patterns and relationships in an example dataset and adjust the weights of each
connection to reflectthese paterns. Trained NNsan completeclassification, regression, and

pattern recognition tasks(Albahar 2023)

A 2023 study employed the use of a NN controller to achieve desired photosynthetic photon flux
density (PPFD) levels in a greenhouseltivating lettuce training it using one year of historical solar
data. During the testing phase, the Alased controller optimized lighting schedules and spectra
treatment based uponsunlight received by plantsThis strategy wagroven to reduce the energy
consumption of lettuceproductionby 28 percentper dry mass when compared to conventional
scheduling methods, while also mitigating plant issues such as tijoirn. The study built upon this
result and developed a plant growth moddiased optimization technique to detemine the ideal
lighting schedule within a dynamic power market. The incorporation of power market data within the
NN saved 40to 52 percentof energy expenses within a simulation scenario. Further, the
researchers investigated the impact of controlled and targetdiht emitting diode LED lighting on
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energy consumption. They found that the optimization of spectral parameters for clas@mopy LED
lighting can achieve lighting system energy savings of p@rcent(Mohagheghi and Moallem 2023).

While NN controllers are highly powerful and can lead to significant energy savings in CEA, there are
a few key drawbacks. The o n t r bldck-bexrnétige can make it challenging for growers to

interact with the system andnterpret the decisionmaking logic. Further,NNs require large amounts

of labeled data for training before thegan operate a system and are very computationally intensive.
This can be a barrier in smallescale operations with limited historial data (Tu 1996). One way to
overcome this hurdle is to applylto train the model by using algorithms to teach the NN logic
(Hoogendoorn 2024).

REINFORCEMENT LEARNINGRL)
Reinforcement learning (RLs a typeof ML modelfocused on decisioamaking and control through a

feedbackbased approach. In RL, a program learns to interact with an environment by taking actions
and receiving feedback in the form of rewards or penalties. The goal of the program is to maximize
cumulative rewards over timéoy learning which actions lead to desirable outcomes. RL algorithms
use trial and error to discover effective strategies, usirtgchniques such asvalue functions policy
gradients, or QHearning. Value functionsprovide a quantitative representation of expected

cumulative rewards while policy gradientdelp RL programs maximize expected rewards by
following a policy (Kapoor 2018 QHearningis a popularoff-policy RL algorithm that uses an action
value functiomithe Qfunctionfito learn an optimal policy; the @unction is updated iteratively using
the Qlearning update rule (Doshi 2020).

Oneadvantage of Rlcomes fromthe significant opportunity for both energy savings and increased
climate stability. The principal limitation of RL controls is the requirement for extensive exploration
and trialand-error prior to operation, which can be time consuming and costly. Further, if not
properly designed, RL can introduce biases due to reliance on reward signal

RL systems have already demonstrated efficacy in many agricultural controls systeimsluding
lighting, irrigation, and HVA@Bu and Wang 2019) for example, in2023, researchersimplemented
an RL algorithm in a semtlosed tomato greenhouse and compared energy consumption and
performance with a conventional MPC control strategfjagekar et al. 2023)
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Figure 7: Robustoptimization in deep reinforcement learning
Source:Ajagekar 2023.

The system was used in conjunction witheNNs y st em t hat esti mates the
energy consumption, given training from histoatdata and current climate measurements. This
consumption value is then fed to the RL decisieamaker, which employs an adaptive approach to

learn from the determined climate trajectories andb minimize energy consumption while meeting
required climate conditions. The RL outputs controlled actuators in HVAC and lighting systeies

logic of whichis depictedabovein Figure 7.

After a tenweek tomato growth cycle, the RL system decreased facility enecgypsumptionby 57
percentfrom a baseline of 79,258 kWh with an MPC controller. The RL controller also maintained a
more consistent air temperature at the desired setpoinisan improvement over MPC systemsvhich
tend to overshoot temperatures by % 13°F, or5 to 7°C.

CEA Controls Measures brocessSystem

Automated CEA mcess equipmentcan reducethe energy consumption of CEA facilitiassing

various control strategies. The energy savings potential of controls measures can be application
dependent; some measures are suitable for both greenhouses and indoor farms, but some may only
apply to one type of CEA facility.

Figure8 describes the ideal environmental conditions for 1trops that can be grown in CEA
facilities. Note that some crops require different environmental conditions by stage of plant growth
during day or night conditions. These target conditions drive energy consumption of horticultural
lighting, HVAC, and irrigation equipment.
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Temperamre Relarve Humidity VPD Lighting Denslry Photo- CO. Concentratdon Cultivation
(Celsiuz) period Period (Days)
Lettuce [20,34, 25°C (Day); 22°C G0-70% 0.85-0.95 200 PPF 16h S00-1200 ppm 30
15] (Night)
Tomatoes [20, 25°C-31°C 75%-05% vegetative; 0.65-0.0 vegetative; 600 PPF 12h 1000 ppm 0
34,35] 65%-T5% for 0.85-1.0 flowering
fowering
Herbs [46,47] 20 °C(Day); 15°C FO-520% 0.6 (Dayk 043 67% red ar 620 nm; 12h 2001200 ppm 50 - 90
(nighr) (Might) 33% blue light ar depending on
450 nm wariery
Micro-greens 21 "CiDayk 17 °C 0% 0.5 (Day); 0.39 a5% red, 15% blue; 16D 500-500 ppm 7-21
[35,48,49] (nighr) (Might) 300600 PPF depending on
depending on wvariety
variety
Shiitake 128°C-24°C 85% early on. Candrop  0.6-0.8 55 - 100 PPF 12h 200 ppm (6-10 air 50-60
Mushrooms o 60% after 3 days of changes per hour to
[29,36) pinning, but 50% is keep COZ levels low)
dleal.
Cannabis [34, 22°C-30°C 65%-75% vegetative; 0.80-0.95 400 - 600 PPF 18hwveg; 12 200-1100 ppm 70-80
41,42] 60%-T0% Howering; vegerative, 1.0-1.15 h flowering
55%-65% smessing fowering: 1.16-1.35
stressing
Cueumbers [ 2] "C-25"C {Day); 75-00% 0.65 (Day) 0.45 100 PPF early 16h 450600 ppm 55-65
[34.43,51] 20 °C (Might) [Might) stages; 250 ppf
mamre; 35% red,
15% blue
Peppers [50,52, 21 °C (Day); 17 °C 55-65% 3 - 5 seading 1.0 430 - 500 PPF 18 h zeed; 450-500 ppm 50-65
53] (Migheh; 16 °C (Day), 0.7% (Night) 14 h veg
(flowering) vegetative
Strawberries 30°C (Day) 15°C 65% (daylk 100% 1.0 (cay); 0.0 (night) 300 PPF (red light) 16h 1000 ppm ]
[20,34) (Might) (night)
Blueberry 23 °C average 0% 0.23 100 - 200 PPF 16h 1500 ppm 30-40
Transplants
[20]
Riee [20] 23°C-27°C 70 1.05 (day); 0.85 800 PPF 12h 400 ppm 100
(Might)

Figure8: Targetenvironmental conditionsfor CEAcrops.

Source:Engler and Krartj2021.

Energy savings for some CEA controls measu@ be interactive, and aresignificantly influenced

by crop type orclimate zone(CZ) Validating energy savings may require energy modeling or energy
monitoringi which can vary by manufacturer and level of system integratioto measure and verify
actual energy savings for California facilitig$Schimelpfenig 2023).

The following sections explore the major energpving opportunities presented by automated,
integrated, and intelligenthorticultural lighting controls horticultural HVAC controlsand horticultural
irrigation controls.

Horticultural Lighting Controls

Horticultural lighting systemsare used in greenhouseso supplement sunlightand typically appear in
indoor farms to providesole-source lightingfor plant growth and developmentLight fixtures are
most often top canopy fixturesbut some growers useantercanopylighting systems to increase light
levels within lower elevations of plant canopydorticultural light fixturesprimarily focus on delivering
light within the photosyntheticallyactive radiation (PARspectrum, whichcorresponds to photons
from the 400 to 700 nanometer (nm) wavelengths(RIl 2023a) Some fixtures deliver light within the
extended PAR (ePARgpectrum to providefar red (FR)photons.

Energy consumed by horticultural lighting systems is driven flyotosynthetic photon efficacyPPE,
measuredin units of pmol/J LED horticultural lighting technology provides improved efficiency and
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controllability over legacy horticultural lightingechnology,such ashigh-pressure sodium and
fluorescent(GLASE 2021)

Fixedspectrum light fixtures use various designs combinirgplors ofdiodeslike white, red, green,
blue,andfarredt o provi de cusét oSwrmdili lghspeetci pmé8 or Oobroad
fixtures incorporate white diodeswhich provide a mixture of blue, red, and green wavelengths. A

light recipe may use large amounts of redetween 65 and80 percent, some greenaround 20

percent,and bluearound 5 to 30 percentto achieve plant quality attributedike reduced plant

height. Some light recipes incomrate far red lightaround 10 percentto accelerate plant activitylike

stretching or flowering or useultraviolet radiation around 5to 10 percentto improve plant

resilience, regulate plant growthand general crop quality

An example fixeebpectrum light recipe is B20:R80or 20 percentblue, 80 percentred light. Figure9
belowdemonstrates the theoretical maximum PPE afound 5 pumol/J for LED horticultural light
fixtures, with a 20 percentblue and 80 percentred light recipe.However, by 2040, B20:R80
horticultural LED fixtures available on the market are likely to plateau at around 4uBol/J.

6 . ; .
5 e T oy T e ETatop )

Current i
technology

350 mA/mm? -
25 C Junction Temperature

Photosynthetic
photon efficacy (umol J™')

0 L ! 1
2000 2010 2020 2030 2040

Figure 9: Historical, current, and projected LEDpackage efficacy.

Source:Kusuma et al, 2020.

In California,LED horticultural lighting is close to becoming industry standard practice for both
greenhouses and indoor farmgas it already is for stacked vertical farms as of 2024 at.82 umol/J,
with the expectation that it will riseo 2.56 pmol/J in 2025, for both greenhouses andsinglelayer
indoor operations(DNV 2023).

Title 24, Part6ofCal i f or ni ads energy code currennCEA require
facilities to maintain aPPE of 1.7 pmol/J for greenhoussupplemental lighting systers, with 1.9

pmol/J for indoor farmsole-source lighting systers in the 2022 version of the code (CEC 2022). The

proposed 2025 version of the code requires 2.3 pumol/J for lighting systems serving both

greenhouses and indoor farms (CEC 2024)hese requirements only apply to facilities with more

than 40 kW of total connected horticultural lighting.

Gﬂ{e/ ET23SWE00676 Smart Controls for DatéDriven Indoor Agriculture Field Evaluation
Final Report
16



Industry standardsfor horticultural lighting controlsare nascent and ndustry groups like the
DesignLights Consortimn 8 (OLC)Horticultural Lighting Controls Working Group are gathering expert
input on ways to craft technical requirements and qualified products Ibrary for networked
horticultural lighting solutions(DLC 2024a). Dimming, scheduling, spectraluning, integration, and
interoperability are all areas that may be addressed witiorticultural lighting controls technical
requirementsin the near future.

Advanced horticultural lightingontrols can significantly reduce energy usage and operating cofts
both greenhouses and indoor farms (GLASE 2023he sections belowdescribedimming and
daylighting,the primary energysaving measures presented by horticultural lighting controlg/hile
Table3 summarizes the control parameters and units measured by Chghting automation
systems.

Table 3: CEAlighting automation strategies.

Control Strategy Control Parameter Unit Measured

Dimming Controk PARIight intensity PPFD umol/m?2/sec

Peak wavelength,
nm 5
PPFD, R/seo |

Proportion of PARInd ePAR

Spectral Tuning wavelengths

Daily Light Integral (DLI)
Controk

PARIight receivedper day DLI, mol/m2/day

Source:ERI. 2024c.

The following sections describe the energy savings potential of each of the above lighting control
strategies in more detail.

DIMMING CONTROIS
Dimming controls for horticultural lighting systems adjust power to sedeurce and supplemental

lighting systems to achieve a target PPFD valughich isa measure of the amount of PAR received
by plants measured at a single point and averaged across plant canopy arBanming controls allow
solessource lighting systems to precisely deliver target light levels to plant canopies (RIl 2024) and
supplemental lightingsystemsto avoid ovedighting cropsiimeaning providing light even though
photosynthesis is already saturateidby complemening sunlightreceived in greenhouse$GLASE
2024a).

Tailoring light levels to the cultivar by stage of plant growth allows CEA facilitiesaee energyby up
to 20 percentwith dimming controls usually done througlphotoacclimationstrategies (GrowFlux
2023 and RIl 2024). By gradually adjusting light intensitsts plants grow week by weelplants can
develop stronger root systems, resulting in higher nutrient uptake and increased growth (Bugbee
2016).
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Horticultural lighting can also be dimmedlaily using sunrise-sunset sequences of operationwhere
lights are gradually turned orand off over time rather than turned on instantaneougl Some
systems can also change spectral treatment concurrently with light intensity to mimic solar light
guality. For example, a sunrise sequence of operation catart with awarm, lowwhite light and will
gradually increase in intensity while the spectrum changes to a coldeiite light during the daya
sunset controls seaience does the reversefrom cold whiteto warm white spectral treatments
(Sollum Technologies 2024).

Nonenergy benefitsof sunrisesunsetdimming controls include better maintenance of temperature
and humidity during transitions betweetlights on and lights offperiods. Whenlights switchon/off
without a gradual transition humidity levelscan spikebecause of plant transpiratiordriving an
increase inlatent heat, which also imposes energy loads on climate control systenimerefore, the
energyreductionfrom dimmingoffers interactive HVAC savingand smoothing transpiration rates
between lightson and lights-off periodsalso has nonenergy benefits reducingthe risks of diseas
like botrytis or powdery mildew.

Energy savings from dimming controlsperates asa function of bothbehavioralinputs and fixture
characteristics.For example, wherdimming to 50 percentto reduce output powey the efficacy of a
lighting modulealso canincrease by 8percent (Philips 2024), as described in more detail iTable4
below.

Table4: Impact of horticultural dimming control on fixture photosynthetic photon efficacy(PPE)

Dimming Setting Dimmed Fixture Dimmed Fixture Dimmed Fixture
PPE PPE PPE
(Input PPE =2.0 (Input PPE =2.5 (Input PPE = 3.0
pmol/J pmol/J pmol/J

0% (Full Power) 2.0

50% (Half Power) 2.16

Source:Philips. 2024.

The efficacy increasérom dimmingdepends on many parameters such as LED driver desidixfure
manufacturer, mechanical design of the fixture, fixture heat dissipation efficacgnd temperature of
the LED componentsFor instance, the hotter an LED component is, the less efficient it becomes. If
fixtures are dimmedbut the temperatureof the fixture does not decreasgthere will be less or even
no efficacy gaingSollum Technologies 2024).

Dimming energy savingare alsocrop-dependent and applicatiomspecific; magnitude of savings will
vary depending orfacility type,light fixture wattage and stage of plant growthwhich influences
hours of lighting system operationThe savinggotential is greatest forfacilities using highoutput
lighting systemsto growplants like cannabis,cucumbers,tomatoes,and peppers (RIl 2024) Energy
savings from horticultural dimming strategiedike photoacclimation and sunrisesunset, can be
applied to both solesource lighting systemsri indoor farms and supplemental lighting systems in
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greenhouses.This report also explores other dimming control strategies, includingecific
greenhouse dimming strategy calle®LIcontrols, in future sections.

Other dimming controls work in the following ways:

1 Level 2 May uselight sensorsto measurePPFDand automatically dim lighting system power
according to a defined PPFD targeind lighting schedule

1 Level 3 May uselight sensorsto communicate information with climate control systemsuch
as lighting schedules and dimming setpoints

1 Level 4 Mayuse ML that accesseshistorical data or reaitime data, such as images from plant
cameras, to determine light level targets for dimming sequences of operation

Dimmable horticultural lighting systems are not yet industry standard practice in Califordige to

increased cost and complexity compared to basic lighting systepait they are becoming more

widely adoptedas manufacturers produce more dimmable fixturedfersion 3.0 of the DesignLights
Consortiumbés (DLC) Horticultural Technical Requir
controllability requirements to mandate dimming capabilities (DLC 2023and delistedVersion 2.1

products were delisted in March 2024DLC 2024)

SPECTRAL TUNING
LED horticultural light fixtures can be tuned to adjust light quality throughout the day or dynamically

change throughout stages of plant growth and developmerfGLASE 2024).

Spectral tuningis the modulation of output fromthe different diodes on LED fixturestailoringthe
number of photons from each wavelength to influence plant quality attributes such as stem
elongation, leaf size, flower development, fruit yield, and harvest cycle lendthis tuningis not

limited to specific colors nor limited by a certain number of LED channe{Sollum Technologies

2024, and dynamic light fixtures can adjust spectral output and provide unlimited combinations of
wavelengths to provide ifinitely customizable light recipes (GLASE 2084 Additionally, growergan
use spectral tuning to achieve the specific solar light spectrum and photoperiod from any location in
the world at their farm (Sollumlrechnologies2022).

Light fixtures incorporating a large proportion of red will achieve higher PPE and can reduce energy
usage (RII 2024), but the larger the proportion oéd is for a horticultural light fixture the less

flexible in spectral tuning thdight fixture will be. This will limit the potential energy savings from
different spectral tuning strategieqSollum Technologies)Tuning light recipes must be done with
care; changing the red/blue ratio can trigger specific photomorphogenic responses, such as stem
elongation and shade avoidancewhich may be undesirable (GrowFlux 2024).

As with the dimming schedules mentioned in the previous section, spectral tuning levels can work in
the following ways:

1 Level 2 May use timeclocks to tune lighting spectrum according to a defined lighting schedule
1 Level 3 May use light sensors to communicate information with climate control systenssich
as reaHime spectral settings.
1 Level 4 May useML that accesseshistorical crop data to forecast the best spectral treatment
for each crop based on stage of plant growth.
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Table5 belowsummarizesthe efficiency of various wavelengths d?AR andar red FR light
(Kusuma et al. 2022). The studydescribes typical performance of a range of higterformance LED
fixtures with peak wavelengths acrosthe photobiologically active range of radiatidn280 to 800

nm. Spectral treatments with more red photons are more efficient at converting electricity to PAR
than spectral treatments with more blue photons, but they address different agronomy objectives.
For examplegrowerswant to have a blue treatment a few days before harvesting red lettuce to
improve the anthocyanin uptake in the leaves and increasesdltolor pigmentation of the lettuce
(Sollum Technologies 2024)

Table5: LEDIuminaire photosynthetic photon efficacy by wavelength.

Color Name Peak Wavelength Photosynthetic Photon

Efficacy (PPEumol/J

Yellow / Amber

Source:Kusuma et al. 2020; RII 2024.

Table6 below comparesfive light fixtures fromthree manufacturers to demonstrate variability in
efficacy bylight recipe, compared against the2025 California energy codgroposed minimum PPE
of 2.3 pmol/J for greenhouses and indoor farms. [@ctral tuning controls that incorporate more
output from red diodes and less output from white or blue diodesn result in significant energy
savings from lighting

h
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Table6: Spectraltuning energy savings.

Photosynthetic Photon
Light Recipe Efficacy (PPE)

Improvement in Efficacy

0,
pumol/J &

2.3 Reference condition

Source:DLC. 2024.

Note that 110 of 508fior 22 percentfiof fixtures listed on the DLQualified Product Listas of July
2024 report tested PPE values of &.to 4.1 ymol/J, sosubstantial savings arefeasible with many
technology options

Horticultural lighting systems with spectral tuning capabilities are not yet indussitandard practice

in California due tdow commercial availability and highesissociatedcosts when compared tofixed-
spectrumlighting systems but more manufacturers are now proposing spectral tunable LED fixtures.
While there were only 69 spectrally tunable LED horticultural fixtures out of a total 827 listed on the
DLC Horticultural Qualified Products List in June 2024, the project team expettiat spectrally

tunable fixture availabilitywill increase in the coming yearswith an associated decrease in cogDLC
2024).

DAILY LIGHT INTEGRALDLI) CONTROLS
CEA crops require sufficient light in each 2dour period (Hort Americas 2020) which meansa daily

light integral DL is used todescribethe quantity ofthat light plantsreceive, whether sunlight or
supplemental.DLI is a cumulativecalculation of the quantity ofPARlight received by plants per area
per dayialso known as moles per square meten{ol per m2) per dayifrom the supplementallighting
systemsand natural sunlightin greenhouses Table7 below describes the range of suitable DLI for
the primary crops within the floriculture, food, and cannabis crop categories.

h
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Table 7: Daily light integral targets for CEAcrops.

Crop

Target DLI

Crop (mol per m2 per day)

Category

Vegetative cuttings (liners)
Seedlings (plugs) 6015
Shade and foliage plants (annuals and perennials) 6 6 10
Potted bulbs 6015
Stock plants for cuttings 1006 20
Annual bedding plants 10+
Potted flowering plants and herbaceous perennials 12+
Cut flowers 15+
Lettuce 12 6 17
Microgreens 12
Strawberries 17 0 20
Peppers 200 30
Cucumbers 156 30
Tomatoes 20 6 30
Cannabis (clone/seedling) 150620
Cannabis (vegetative) 20040

Cannabis Cannabis (flowering)

All Crops

Source:Runkle, 2019 (floriculture data), Hort Americas2020 (food data), and RII, 2021a (cannabis data).

DLI controls for indoor farms allow for lighting schedules to be manipulated to react to riale
electricity pricing includingpeak demand charges. For example, indoor cannabis farms can
experiment with providing lower light levels to vegetative plants across longer photoperioelg., 24
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hoursfito achieve the same DLI as an J8our lighting schedulg(Agrify 2023) This does not
necessarilyresult in kWh savingsbut can save growers money on energy bills amtovideresiliency
and reliability benefits to the electric grid.

Daylighting is a documented energgaving benefit for greenhouses usingLI controls as these
controls adjustsupplemental lighting levelsand photoperiodsto achieve a specified DLI given the
solar levels achieved througbut the greenhouse. The DLI value is a measure of the total amount of
PAR received by plants over a 2dour period, expressed in moles of photons per square meter per
day.

ThegreenhouseDLIcontrol levels operate as follows:

1 Level 2 Mayuse light sensors measuring daylighto dim supplemental lighting according to a
defined DLI target which a 2020 New York study demonstrated could result in an energy
decrease of 26 percent(NYSERDA 2020).

1 Level 3 Mayuse light sensorsto communicate information with climate control systemsuch
as lighting schedules and dimming setpoints

1 Level 4 May useML accessinghistorical solar data to forecast supplemental lighting demand
or reaktime utility pricing datato plan the timing of energy use for lighting systems to limit peak
electric demand(GLASE 2023a).

One example of an emergingevel 4DLIcontrol system is the Lighting and Shade System Integration
(LASSI) prograndeveloped by Cornell University arelrrently being demonstrated by their

Greenhouse Lighting and Systems Engineering consortig@LASE LASSI leverages earyay solar

insolation data to inform reaitime decisions regarding light andjreenhouseshade curtain
mani pul ation, ensuring a consistent total DLI of
growth (GLASE 2020)In a study comparing LASSI performance to a baseline control sysfiavhich

based output decisions based on PARreshold controlalonefi LASSI reduced energy usand energy

cost, and delivered a more consistent environmer{Harbick et al. 2016)

The LASSDLI controlsenergy saving results were highly dependent on crop type and locatiand
the savings valuesmodeledfor them werereported asa percentage decreaseaf baseline lighting
consumption which can be found below iTable8. Locationswithout equivalent California latitude
were excluded

Table 8: Automated greenhouse DLIcontrol energy savings.

Facility  California Cites with Lettuce Tomato Floriculture
Location Equivalent Latitude  DLI Control DLI Control DLI Control

Elmira,
New Crescent CityEureka 24% 20% 28%
York

Pheonix,
Arizona

San Diego Santa Ana 56% 39% 69%

Source:Harbick et al. 2016.
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Whilethe cost of automated greenhouse supplemental lighting systenis an influential factor, the
incremental cost of DLI controls can be as small as 2fercentcompared to the overalprice of
horticultural lighting and control systems (Microclimates 2024)nvestments for Level 3 and Level 4
DLI controls are primarily for softwareout despite provenenergy and norenergybenefits, Level 4
greenhouseDLIcontrolslike LASShave notbeen widely adopteddue to high first costs and limited
applications in commercial greenhouses California

This level of DLI controlsequires system integrationas well aspotentiallymore cablingand

dimming hardwaefiif usingwired control solutions likeD-10V or Modbuswiringfithan basic control
(GrowFlux 2023) Growerscan usewirelesso r 08 ie rme coatsols td minimize cabling
complexityand control up to 12 fixtures with one wireless controller (GrowFlux 2024nd wireless
lighting control systems can have different disadvantages than wired systems, like cybersecurity risk
potential.

Horticultural HVAC Controls

Horticultural HVAC systems creatgptimal environmens for plant cultivationin controlled
environmentsusing specializedHVAChumidification, and dehumidificationsystems These systems
are necessary becauseultivation of plants introduces three significantoolingloads: sensible load
driven by horticultural lighting systems arfiffor greenhouseg$ithe Sun, andlatent load driven by
evapotranspiration or evaporation from floors and benches antranspiration from plants.
Transpirationis the movement of water from roots to leavesvherewater vaporis releasedfrom leaf
stomata during photosynthesi@these rates aredriven by vapor pressure defici{VVPD), a factor of
space temperature and relative humidity.

HVAC system type, fuel source, and efficiency rating all affect theergy consumed by horticultural
lighting systems Electricallydriven horticultural HVAC systemare describedwith different efficiency
metrics defined by ASHRAENcluding heating seasonal performance factorcoolingsystemenergy
efficiencyratio, heat pump systemCOR and dehumidification systemmoisture removal efficiency
(RI1 2023b). Standard practice for geenhouseand indoor farm HVAGystems varies by facility size
and crop type(California Statewide Gag&merging Technologies Prograg024), and Table9
summarizes the HVAC technology serving California CEA operations for hggatimoling, and
humidity management
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Table9: HVACtechnologyserving CEAoperations.

CEA Operation  Technology

Type Category Technology Type

M Unit heaters

Greenhouse Heating 1 Boilers with hydronic distribution
91 Infrared heaters
9 Natural ventilation with greenhouse vents
. 9 Active ventilation with fans
Coolingand . N o
Greenhouse Humidity T Evaporative O6pad and f anc
Management 9 Misting/fogging systems
9 Chillers with hydronic distribution
_ 9 Electric Direct Expansion (DX) / heat pump
Indoor Farm Heating {1 Boilers with hydronic distribution
Coolingand 9 Electric Direct Expansion (DX) / heat pump
Indoor Farm Humidity 9 Integrated HVACD systems
Management 9 Chillers with hydronic distribution

Source:SCE 2021,California Statewide Gas Emerging Technologies Program 2024

Title 24, Part6ofCal i f or ni ad s e rsasreffigiency siatidardscfar dehueniditichtipn
equipment for indoorCEAfacilities (CEC 2022) allowing @mplianceto be reached with one of the
four following pathways:

9 Dehumidifiers subject to federal appliance standards that comply with the federal performance
and testing requirements

1 Integrated HVAC system with esite heat recovery designed to fulfill at least 7percentof the
annual energy for dehumidification reheat

9 Chilled water system with oite heat recovery designed to fulfill at least 7Bercent of the
annual energy for dehumidification reheat

1 Solid or liquid desiccant dehumidification system for system designs that require dewpoint of
50°F or less.
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The proposed 2025 version of the codead been considering adding requirements for HYAC
environmental controls, but theFinal CASHEReport did not include this measurg(CEC 2024,
2024b).

Horticultural HYACzontrols canreduce CEA facility energy usage by staging and modulating
equipment (RIl 20214a). The sections below describe the primary energgving measures presented
by horticulturalHVAGQ:ontrols: automated greenhouse ventilatiorand vapor pressure deficitreset.
Table10_summarizes the control parameters and units measured by CBXACautomation systems.

Table10: CEAHVACautomation strategies.

Control Strategy Control Parameter Unit Measured

Automated Greenhouse Vet
Control

Vent Position % Open

Automated Greenhouse Solar Radiation W/m?2
Curtain Control Curtain Position % Open

Automated CEAFan Control Fan Speed % Speed

Temperature

VPD Optimization Space Vapor Pressure Deficit Relative Humidity

Source:ERI. 2024c.

The following sections describe the energy savings potential of each of the above HVAC control
strategies in more detail.

AUTOMATEDGREENHOUSE VEN CONTROL
Greenhouse can use gutter vents on roofs or sidewall verfisvhich can both be automated to open

and close depending on actual environmental conditions in the greenholige cool and dehumidify
without using energyintensive equipment.Automated \entilation controllers regulate airflow,
temperature, and humidity levels by detecting changes in the controlled environment and actuating
vent operation(Goldammer 2021) a recent study found that these systens can reduce cooling
energy consumption by 22.6ercentin Italy, which has a Mediterranean climate similar to California
(Kaliakatsoset al. 2022). Consumption during the cooling period decreased as the percentage of
window openingand duration of the ventilation period both increasedrurther details ofthis
observation, along withpotential coolingenergy savingscan be found inTable11 below.
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Table11: Automated greenhouse ventilation control energy savings.

Greenhouse Vent Position  Night OnlyVentilation 24-HourVentilation

Vents Open 50% 15.6%

Vents Open 100%

CEA Average

Source:Kaliakatsos et al. 2022

Automated greenhouse ventilation control levelsan work in the following ways:

1 Level 2 Mayuse environmental sensors measuring temperature and relative humidity to open
roof or side wall vents.

1 Level 3 May use environmental sensors to communicate information with irrigation control
systems such as substrate moisture content.

1 Level 4 May useML that accesseshistorical weather data to forecast ventilation
requirements.

AUTOMATEDGREENHOUSECURTAIN CONTROL
Greenhouse curtainfialso referred to asshade curtains, energy curtains, or climate screefishade

crops and insulate cultivation environments from solar heat gain during the day and heat loss at
night, providing both energy savings and no®nergy benefits to growers of diverse crops (GLASE
2024).

Greenhouse curtairmonitoring and control systems canletect solar levels as well asopen and
close curtains accordingly to optimize heat retention and minimize cold stress on plaritss key to
monitor environmental parameters both above and below the curtain elevation (Hoogendoorn 2024).

Automated greenhouse curtain control levels can work in the following ways:

1 Level 2 Mayuse environmental sensors measuring temperature and relative humidity to open
or close greenhouse curtains.

1 Level 3 Mayuse environmental sensors to communicate information with lighting or HYAC
control systems such as light levels or space temperature and relative humidity.

1 Level 4 May useML accessinghistorical weather data to forecast curtain system operation.

There is currently minimal literature on the energy saving potential of greenhouse curtzdmtrol
systems Table12 summarizes themodeled monthly reduction in solar radiatiora proxy for cooling
energy savingsfor single-and triple-screen systems with two differenshadingpercentagesfor a
typical yearbased on historical weather dataFor the singlescreen calculation, the curtain is
programmed to close whersolar radiation levels reach 700watts per square meter For the triple
screen calculation, three screens are each set to close, respectively, at 400, 600, and 8patts per
square meter(Svensson Climate Screens 2024).
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Table 12: Modeled annual greenhouse curtain control energy savings.

Monthly Reduction in Solar Single Curtainwith 57% Triple Curtainwith 27%
Radiation (J/cm?2) Shade Shade

Annual GreenhouseAverage  50%

Source:Svensson Climate Screens. 2024.

As with other systems mentioned in this reportugomated greenhouse curtais are not yet industry
standard practicein California due totheir increased cost and complexityvhencompared to manual
and basic curtain control systemsAdditionally, there isa lack of a state energy code requirement for
curtains in greenhouses or local policies requiring curtains to reduce light pollutiéGtowever,
adoptionof Level 2, 3, and 4greenhouse curtain control is ma common at largefloriculture,
vegetable and cannabisgreenhouseslike those in Carpinteria, Californi@dGLASE 2024)

AUTOMATED CEAAN CONTROL
Still air is not desirable in CEA facilitiess ar velocities between 0.5 and 0.7neters per second

(m/s) are recommended for plant growth inside greenhouséPakari and Ghani 2019).n indoor
cannabis cultivation, airflow under the leaf canopig maintained t00.5 to 1.0 meters per secondto
minimize pathogen growthAir movementthrough the greenhouse envelopalso helpsthese
facilities maintain target environmental conditionglike space temperature.
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Greenhouses and indoor farms usenmo kinds of circulation fans to maintain optimal environmental
conditions Horizontal airflow fars, which nmove air around thegrowing area andacross the plant
canopy, and vetical airflow fans whichmove airdownfrom higher elevations in thegrowing ared
like above greenhouse curtainsr horticultural lightingito lower elevationsand through the plant
canopy.

AutomatedCEA fan control systems can turn on and modulate fato maintain a target airspeed,
the levels of which are described below:

1 Level 2 May use environmental sensors measuringir speed at elevations of the growing area
to modulate fan speed

1 Level 3 May use environmental sensors to communicate information with lighting or HYAC
control systems such aslighting or greenhouse curtain operating characteristics

1 Level 4 May use predictive algorithmsthat accesshistorical environmental data from the
growing areato forecastfan operation.

A major way automated CEA fan control can save energy is by utilizivgriable frequency drive
(VFD for variablespeed fan control.Table13 describes the results of a study comparing a manual
or Level 0,greenhouse fan system to an automatetlevel 2VFD greenhouse fan system.

Table 13: Variable speed fan control energy savings.

Greenhouse Fan System Energy Use Reduction %

OnOff Fan Control .
(Level 0 Manual Control) Reference condition

Variable Frequency Drive Fan Control 36%

(Level 2 Automated Control)

Source:Tietel et al, 2004.

While they are not yet standard practice in Californiaymmated fan systems arenore common in
larger greenhousesasthe number of fans can be so large the system is not feasible to manually
operate.

VAPOR PRESSURE DEFICIT (VPDQPTIMIZATION
Greenhouses and indoor farms maintain space temperature and relative humidity within target

ranges to ensure optimum plant health and vitalitgR1l 2023b). Vapor pressure deficitYPD is a
function of environmental conditios, which means thesame VPD can be achieved with various
temperature and relative humidity setpoint§Schimelpfenig et al. 2020) TheVPDvalue is the deficit
or differential between the pressure exerted by the moisture at a specific room conditedong with
the pressure at saturationand the surface conditions of plant leaves arassumed to beequal to
that of the saturated conditions surrounding thenfDesert Aire 2019)

Cannabis can be cultivated under a wide range of setpoirtecausethe plant can tolerate high
temperatures, as shown inFigure10 below.VPD for vegetative cannabjsas shown in greenis
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typically 0.8to 0.95 kilopascals kPa) and VPD for flowering cannabjshown in yellowis 0.96 to

1.15 kPa. VPD values higher than 1.15 are generally used to stress planthichinfluences various
guality factors like yield, color, taste, or aroma.

B .

Temp . Relative Humidity

o 100% 95% 90% |85% 80% 75% |70% 65% 60%|55% 50% 45% 40% 35%
87° | 0.00  0.22/0.44|0.66 |0.88 |1.10 | 1.32 1.54|1.76 |1.98 | 2.19 | 2.41 | 2.63 | 2.85
86° | 0.00  0.21/0.42|0.64 |0.85 |1.06 | 1.27 1.48|1.70 |1.91|2.12/2.33|2.55|2.76
85° | 0.00 1 0.20 /0.41 / 0.61|0.82  1.02 1.23  1.43/1.64 1.84 2.05/2.25|2.46 2.66
84° | 0.00 | 0.20 | 0.40 | 0.60 |0.80 |1.00 | 1.19 | 1.391.59 |1.79 1 1.99 | 2.19|2.39 | 2.59
83° | 0.00 | 0.19/0.38|0.58|0.77 | 0.96 | 1.15 | 1.35|1.54 | 1.73 |1.92 | 2.12 | 2.31 | 2.50
82° | 0.00 / 0.19/0.37|0.56|0.75]0.93 | 1.12 ' 1.31 |1.49 | 1.68 |1.87 | 2.05|2.24 | 2.43
81° | 0.00 | 0.18 |0.36 | 0.54 |0.72 |0.90 | 1.08 | 1.26 | 1.44 | 1.62 | 1.80 | 1.98 | 2.16 | 2.34
80° | 0.00 | 0.18 /0.35|/0.53|0.70  0.88 1.051.23|1.40 1.58 1.75)/1.93 2.102.28
79° | 0.00 |0.17 |0.34|0.51|0.68 |0.85 1.01 |1.18 1.35 1.52|1.69 1.862.03|2.20
78° | 0.00 | 0.16 |0.33 | 0.49 | 0.66 |0.82 | 0.98 | 1.15 | 1.31 J 1.48 11.64|1.81 1.97|2.13
77° | 0.00 | 0.16 |0.32/0.48 |0.63 1 0.79 | 0.95 1.11 1.27:1.43 1.58 | 1.74 1 1.90 | 2.06
76° | 0.00 | 0.15/0.31|0.46 |0.61 |0.76 | 0.92 | 1.07 |1.22 1.38 |1.53 |1.68 1.831.99
75° | 0.00 | 0.15/0.30/0.44|0.59 | 0.74 | 0.89 | 1.04 | 1.19 1.33 1.48 1.63|1.78 |1.93
74° | 0.00 1 0.14/0.29|0.43|0.57 |0.71 /1 0.86 1.00|1.14 1.29 |1.43 1.57|1.72|1.86
73° | 0.00 | 0.14 /0.28 |0.42|0.56 |0.69 | 0.83 0.97 |1.11 1.25|1.39 1.53|1.67 |1.80
72° | 0.00 |0.13|0.27 | 0.40 | 0.54 |0.67 | 0.80 | 0.94 | 1.07 1.20 |1.34 1.47 |1.61|1.75
71° | 0.00 1 0.13/0.26 1 0.39|0.52 | 0.65|0.78 |0.91  1.04 1.17 1.30 1.43|1.56 1.69
70° | 0.00 | 0.130.25/0.38|0.50 | 0.63|0.75|0.88 1.00 1.13 1.25 1.38|1.501.63
69° | 0.00 | 0.12/0.24 |0.36|0.49 1 0.610.73 | 0.85|0.97 1.09 1.21 1.33 1.46 1.58
68° | 0.00 |/ 0.120.23/0.35|0.47 | 0.58 |0.70 |0.82 0.94 1.05 1.17 1.29 1.40 1.52
67° | 0.00 | 0.110.23 /0.34|0.45 | 0.56 | 0.68 | 0.79 | 0.90 1.01 1.13 1.24 1.35 1.46
66° | 0.00 |0.110.22|0.33|0.44  0.55/0.65|0.76 | 0.87 0.98  1.09 | 1.20 1.31 1.42
65° | 0.00 | 0.110.210.32|0.42 | 0.53|0.63|0.74 | 0.84 0.951.05|1.16  1.26 | 1.37

Figure 10: Vapor pressure deficit values for various environmental setpoints, cannabis.

Source:Dr. Greenhouse. 2024.

Leafy greens are less tolerant of high temperatures and prefer VPD values in thet0.8.95 kPa
range, as shown inFigurell.
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Temp ‘ Relative Humidity

o
1100% 95% 90% 85% | 80°/o 75°/o 70% | 65% 60% 55% | 50°/o 45°/o‘40°/o 35%

77° | 0.00 [0.160.32 | 0.480.63[0.79 |0.95 | 1.11 | 1.27 | 1.43[1.58 | 1.74 | 1.90 | 2.06
769 | 0.00 | 0.15|0.31 | 0.46 | 0.61 | 0.76 |0.92 | 1.07 | 1.22 | 1.38 | 1.53 | 1.68 | 1.83 | 1.99
75° | 0.00 [0.15/0.30 |0.44 0,59 0.74 |0.89 | 1.04 | 1.19 1331148'1.63‘1.78‘1.93
74° | 0.00 [0.14/0.29 043 0.57 [0.71 | 0.86 | 1.00 | 1.14 [1.29 | 1.43 | 1.57 | 1.72 | 1.86
739 | 0.00 | 0.14 | 0.28 | 0.42 | 0.56 | 0.69 | 0.83 | 0.97 | 1.11 | 1.25 | 1.39 | 1.53 | 1.67 | 1.80
72° | 0.00 |0.13]0.27 0.4020.54‘0.6740.8010.94 1.071.20 | 1.34 | 1.47 | 1.61 | 1.75
710 | 0.00 [0.13]0.26 [0.39 | 0.52 | 0.65 |0.78 |0.91 | 1.04 | 1.17 | 1.30 | 1.43 | 1.56 | 1.69
70° | 0.00 |0.13|0.25|0.38 |0.50 [0.63 | 0.75 | 0.88 | 1.00 | 1.13 | 1.25 | 1.38 | 1.50 | 1.63
69° | 0.00 0.12]0.24 |0.36|0.49 |0.610.73|0.85 0.97 1.09 |1.21|1.33|1.46 | 1.58
68° | 0.00 |0.12 | 0.23 | 0.35 | 0.47 |0.58 | 0.70 | 0.82 | 0.94 | 1.05 | 1.17 | 1.29 | 1.40 | 1.52
67° | 0.00 | 0.11|0.23|0.34 |0.45 |0.56 | 0.68 | 0.79 | 0.90 | 1.01 | 1.13 | 1.24 | 1.35 | 1.46
66° | 0.00 | 0.11]0.22|0.33|0.44|0.55 0.65|0.76 | 0.87 |0.98 [1.09 | 1.20 | 1.31 | 1.42
65° | 0.00 |0.11]0.21/0.32|0.42|0.53|0.63|0.74 | 0.84 | 0.95 | 1.05|1.16 | 1.26 | 1.37

Figure11: Vaporpressure deficit values for various environmental setpoints, leafy greens.

Source:Dr. Greenhouse. 2024a.

VPD optimization can save energy in greenhouses and indoor farms by reducing the amount of
cooling and dehumidification required to maintain target space temperature and relative humidity
setpoints (RIl 2024).Reseting to higher space temperature and relative humiditiargets has been
estimated to lowerdemand on cooling equipmenby 10 to 40 percent (Surna 220). Table14 below
describes the energy savings potential of adjustintdVAC systersetpoints to achieve the same VPD
target of 1.33 kPa.

Table14: Vaporpressure deficit optimization energy savings.

Reduction in Cooling
Energy Use %

1.33 Reference condition

Source:Surna. 2020.

HVAC Setpoints VPD (kPa)

h
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The Market Characterization of Indoor Agriculture (N&annabis) and Market Characterization of
Indoor Cannabis Cultivation studies published by SCE in 2021 described manual controls and simple
programmable thermostats as the most common controls system @EA facilitieswith researchers
finding that more than90 percent of growers responding to feedback mechanisms used a hunian
machine interfaceto control lighting schedules and HVAC setpoints (SCE 2021, SCE 2021a).

Horticultural Irrigation Controls

Horticultural irrigation systems create optimal environments for indoor plant cultivation using
specialized watering systems to support optimal plant transpiratiolirigation activities create
interactive effects with watering eventsinfluencing plant transpiration rates and affecing VPDin
cultivation spaces.The traditional control strategy for irrigation immanual watering via hosesbut
some growers also usdimeclock automation wherea grower programs an on/off cycle schedul®
distribute water tosubstrate for aset period While this system may save labor, it often results in
increased water waste due to overwatering during darker periqdss plants transpire less when the
sun is downor the lights are off.

Horticultural lighting system® ener gy dsamivenbyimpgationgractices.Micro-rrigation,
which can be automatedusesdrip or trickle irrigation and micresprinkler technolog for plant
watering andfertigationfithe addition of nutrients to irrigationwater (Harrison 2022). Micrairrigation
is considerably more resourcefficient for both water and energ; it reduces the frequency and
volume of wateringevents and distributeswater to substrate for watering eventbased onsaoil
moisture content

Table15 summarizes the control parameters and units measured by CEA irrigation automation
systems.

Table15: CEAirrigation automation strategies.

Control Strategy Control Parameter Unit Measured

VariableSpeedPump Control [RVggelSjel=l=le) % Speed

Watering event start/stop Time of day
Watering event frequency Substrate moisture content
Watering rate Plant weight

SensorBased Irrigation

Controls

Source:ERI. 2024c.

The following sections describe the energy savings potential of each of the abovigation control
strategies in more detail.
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VARIABLE-SPEED PUMP CONTROL
BecauseCEA facilities require consistent delivery of water to plants as crops grow and develop

irrigation pump skids can incorporatesinglespeed pumps for constant flow ovariable speed drives
(VSD) to modulate pumpgpeedaccording to demand and reduce energy use

There are no recent studies of energy savings from VSD irrigation for CEA irrigation applicatimris
Table 16 _belowdescribes the potential energy savings of variable speed pump control for irrigation
applications.

Table 16: Variable speed pump control energy savings.

Irrigation System Energy Use Reduction %

Constant Speed Pump Control Reference condition

Variable Frequency Drive Pump Control 27 0 35%

Source Lamaddalena and Khila. 2011.

As with other technologiesnentioned throughout the reportVSD pumps are noyet California CEA
industry standard practice butare more common in larger operationone example of which can be
found in theirrigation section of theGreenhouse #3 Site Visit Repart

SENSORBASED IRRIGATIONCONTROL
To mitigate water and energy waste and improve precision, timeclock irrigation systems can

integrate sensors to monitor environmental conditionsThis approach allows the timeclock to
determine irrigation schedules based upon accumulated light exposure or plant parametexsch as
substrate moisture content,leaf canopy temperaturepr root zone electrical conductivity (EC). By
tailoring irrigation cycles to realime conditions, growers can optimize water usage while minimizing
energy useand nutrient rundf. Sensorbased micrairrigation systems caruse 33 to 50 percentless
water than sprinklerirrigation systems which candecrease energy consumptiomwhile providing non
energy benefits like reduced weed growth.

Threeexamples of sensorbased irrigation controlare described below:

1 Wolumetric water content (VWC) control/WC sensorsneasuresoil moistureto control
irrigation eventsand consist of multiple rods or waveguides that analyze the waveform of an
electromagnetic pulse through the substrate. Thgensors canalso measure root temperature
and EC whichcan integrate with control systems to notify timeclock systems when plants
demand more water. While the sensors provide direct feedback, they must be calibrated to
each substrate typeand monitored plants must be representativef the entire crop.

9 Evapotranspiration (ET¥ontrol. ET occurs through two pathways: transpiration through
p | a teaf poses and evaporation through the root substrat&Vithin ET controlsensors
collectaccumulated light exposure measurement® inform automated irrigation systemsas
80 to 90 percent of water uptake is driven by theamount oflight received over time This
control method is especially effective at reducing excess irrigation during Hight level
conditionsand has high integration potential foCEA facities that use supplemental lighting
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controls. The principal drawback of accumulated light exposure measurement systeinghat
they require largeamounts of input data. ET modellingneans growers musinvestin high
computing capacityat a higher cost asthe controlrequires sensor inputs of light, temperature,
airflow, and VPD, and may also incorporate leaf temperature and substrate VWC variakibad
2020).

1 Gravimetric contral Automated irrigation systems usecales that monitor changesn plant
weightwithin a representative section of the cropt analyze transpiration ratewhichthen
informs decisionmaking systems that automate irrigation frequency and duratiofihis
strategy reduces fluctuations in soil moisture content and nutrient density, in turn reducing
plant stress. However, if plants within the crop are variable, the representative segment of
plants is inaccurate and leads to poor system performae (RIl 2023c)

Water use can decreasewhen usingtwo environmentally responsivesensorbased measurement
methodsinstead of depending ontimeclock control(Nikolaouet al. 2019). Energy savings from
sensorbased irrigationcontrols are behavioral and dependent on the facility type and crop type,
which influences watering demangdas summarized further iriTable17 below.

Table17: Sensorbased irrigation control energy savings.

Irrigation Control Strategy Energy Use Reduction %

Timeclock control Reference condition
Sensorbased control 33 0 50%

Source Nikolaou et al. 2019.

For an example of how sensedrased irrigation systems are used in larger California CEA operations,
please seethe irrigation section of theGreenhouse #3 Site Visit Repart

h
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Energy EfficiencyEE)Program Landscape

As the energy efficiency program landscape expands, doincentives for greenhouse controlsSince
2019, Efficiency Vermont has offered a greenhouse controller rebate of $0.p@r square foot
(Efficiency Vermont 2024)while DTE in Michigan offer$0.05 per square footfor greenhouse
environmental controlsand requires projects implementautomated setbacks of at least 5°F (DTE
2024).

Additionally,some US utilities offelCEA lighting controls rebatesuch asCommonwealth Edisp 6 s
incentivefor LED Grow Networked Lighting Control System lllinois (Commonwealth Edison 2024).
Horticultural lighting control systems can receiv&0.40 per watt if the system meets thefollowing
requirements:

1 System must have a graphical user interface that is accessible from a single central computer
and/or mobile device without the need to move around to access separate fixtures.

1 System must have network interoperabilife.g., BACNet MS/TP, Zigbee, etc.

T System must have thetiarhed i dtyattws sddmgwonforly el ioglretal f
dimmed, etc.

1 Allinstalled sensors must be tied to the central control system

9 The following control strategies must be implemented to qualify:

0 Scheduling Automaticallyaffects the operation of lighting equipment based on time of
day.

o Continuous dimming Providecontrol with sufficient resolution in outpui 100 -plus stepsii
to support light level changeghat are perceived as smooth.

0 Zone control Group luminaires and form unique lighting control zones for a control
strategy via softwaredefined means, and not via physical configuration of mechanical or
electrical installation details.

o Humidity control: Monitor and automatically modify the relative humidity in the grow
space to specified conditions.

o0 Temperature control Monitor and automatically adjust the temperature within a specified
range.

o CQ sensing: Monitor and control CQ concentrations in the illuminated grow space.

Utilities in Canada offer increased incentive$350 per fixture versus $250 per fixturéifor LED
horticultural light fixtures if they are connected to automated control systems (Save on Energy
2024).
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Objectives

This section describes the diverse approacheake team took during the market assessmenfor
stakeholder outreach and engagement

Thisphase of the project examineachew measuresfor emerging technologyhat may remove barriers
and improve market penetration. To characterize the state of tiigEAmarket in Californiathe
project team conductedsurveys, interviews, and site visit® gain insight from various stakeholders
across thegreenhouse and indoor farming marketsThe team then analyzed the datéo determine
the energy savings over the incumbent technologyhe Recommendationssection of thisbreaks
down the impact of and provides further detail othese market assessment approaches.

Customer Surveys

The team gatherednformation aboutc u s t o imstalled €ontrols systems and implemente&E
measures and collecteddata regarding type of facilitywhethergreenhouseor indoor; size of facility
and facility crops, includingfood, floriculture,and cannabis.

Stakeholder Interviews

These insights fromindustry subject matter expertswho workclosely with CEA growers and their
facilities in Californig helped the project teamcorroborateinsights fromcustomer surveys and site
visits. The nterviewsalso collectedadditional data on emerging technologies, their applications, and
recommended measure approacés.

Customer Site Visits

Customer site visits offered insights from th&eld and documentedlighting, HVACirrigation, and
control system characteristics. Site visits alshelped identifyEEopportunities, collect information
about the level of adoption oemerging technologyand understand CEAspecific barriers to
implementing EEprojects.

MethodologgndApproach

This section summarizes the outcomesafh e mar ket stakehedersontreach adds
engagement activities.

Table18 below summarizes the results of the assessmesitwhich exceeded or achieved teget

response rates for surveys, interviews, and sitevisiEh e pr oj ect 6 surveyedd®e ar ch t ear
growers, interviewedlL8 CEA industry stakeholders, and visiteduir CEA facilities betweemarch

and April2024.
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Table 18: Stakeholder engagement summary.

Stakeholder

STCEEME! Individuals Target Response

Achieved Rate

Instrument Respondents

Outreach Contacted

Mechanism

Surveys Exceeded
1,000

10 31 18 Exceeded 58%

Source:ERI. 2024.

MarkeAssessmehRindings

The sections below provide detailed insighfsomt he mar ket suseygigtesviewsandd s
site visits.

A portion of interview and site visit participants provided energy data for analysiad ane investor
owned utility provided anonymized monthly electricity usage data for analyfiefer to theEnergy
Analysissection of this report forfurther insights frommonthly utility data

Survey Results

Figurel12 through Figure17 belowillustrate collected data for survey respondents (ERI 2024a)
including input from 19 CEA growers, which was shared between January and May 2@%hendix B
includesthe questionnaire provided to survey respondents.

Survey respondents represented CEA facilities in diverse climates throughout Califérimeluding

Humboldt County, Central Coast, Sacramento Valley, and the Mojave Désart spanned Survey

respondents representl2 out of the 16 CaliforniaCZ,wi t h t he f ol | owiCB0§, CZds r e
Cz02, Cz03, CZ04, CZ05, Cz06, Cz07, CZ08, CZ09, CZ11, CZ12, CitE3oldest surveyed facility

was built in 1978, though most respondent8facilities are much newer, with a median age of five

years. Two respondents did not fully complete the survey, and two responses represent different

facilities operated by the same companywhichuse very similar equipment and controls strategies.

Survey responses cover a wide range of facility siziasat rangedfrom 15,000 to 870,000 square
feet, with anaverage facility sizeof 259,000 square feet and amedian facility sizeof 65,520 square
feet. Thiswasinfluenced by the wide split between smaller and larger faciliti#B86 percent of
facilities wereless than 100,000 square feet,while 21 percentwere greater than 500,000 square
feet.
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Survey respondents were primarily greenhouse operatpss illustrated inFigure12 below. 18
percent of respondents operate indoor farms and ane in three indoor farm respondentgrew their
cropsin vertical racks.

Indoor, 12%

Indoor Vertical, 6%

Greenhouse, 82%

Figure 12: Surveyparticipants by CEAfacility type.

Source:ERI. 2024a.

While suveyrespondentsgrewall the primary CEA cropsf food, floriculture, and cannabisFigure
13 below shows that 82percentof respondentsgrewnon-cannabis crops.

Ornamentals /
floriculture / nursery,
41%

Cannabis, 18%

Food (vegetables,
tomatoes, herbs,
berries, mushrooms,
etc.), 41%

Figure 13. Surveyparticipants by crop grown.

Source: ERI. 2024a.

When consideringeEupgrades,Figure14 shows that33 percentof surveyed growers were
concerned with first cost and 4@ercentwere concerned with system performangealthough
responses were not mutually exclusive. By contrast, only p8rcentof growers indicated that they
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were concerned with additional training requirements, and @ercentof growers indicated concern
with labor availability

40%

35%
30%%
25%
20%
15%
10%
5%
0% A

First Cost System Performance Training Labor Availability
Requirement

Figure 14: Growerconcernswith energy efficiency.

Source: ERI. 2024a.

Growers desiré short financial paybacks orEEprojects, as illustrated inFigure15. 87.5 percentof
growerswanted efficiency projects to pay back within fivgears while 37.5 percentof growers
hoped forpaybacks shorter thantwo years.

50%
45%
408
35%
308

25%
208
15%
1086
5%
0%

<1 year 1-2years 2 =5 years 5 =10 years

Figure 15. Desiredpaybackfor energy efficiency projects.

Source: ERI. 2024a.

Figurel6 shows the level of control used by respondents for the three major CEA process systef
lighting, HVAC, and irrigation, witk/A responses explained belowLevel 0 manual control wasthe
most common for irrigation control applicationsvhile Level 1 lasic controlwas more often used for
HVAC and irrigation systems-ortyfive percent of respondents usel singlesspeed ventilation fans

and 27 percentof respondents dd not use horticultural lighting systems. When growers use lighting
systems, they are likely to employ integrated or intelligent automated controls for lighting; @&cent
of growers using horticultural lighting rept¢ed using Level 3 or Level 4 controls. Most respondents
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reported using integrated or intelligent automated controls for HVAC systerasd 53 percentof
surveyed growers use Level 3 or Level 4 controls for HYAC systenfsnally, while 40 percent of
respondents used Level Zautomated irrigation systems, only 2percentused Level 3integrated or
Level 4intelligent irrigation control systems.

408
35%
308
25%
208
15%
108

5%

0%

Lighting HVAC Irrigation

mlevel 0 Wlevel1l mlevel2 Wlevel3 Wleveld mN/A

Figure 16. Level ofautomation by system.
Source: ERI. 2024a.

Figurel7 reports the highest level of automation for all process systems by facility crop tygrel
shows that Bcilities growing foodvere more likely to have the highest level of automatidgriLevel 4
controliifor at least onemajor system.Meanwhile, foriculture growerswere more likely to uselLevel
3 controlintegrated systems and only13 percent of respondents useal Level 1basic control
systems. N respondents usel Level Omanual control as theirhighest level of control.

45%
408
35%
0% M level 4
mlevel 3
25%
mLevel 2
mLevel 1
15%

10%

w
®

0%
Cannabis Food (vegetables, Ornamentals,/ foriculture /
tomatoes, herbs, berries, nursery
mushroams, ete.)

Figure 17: Highestlevel of automation by crop type.
Source: ERI. 2024a.

Since 50 percentof survey respondents operated facilities larger than 100,008quare feet it is
important to examine the level of automation by facility sizeigure18 showsthat facilities smaller
than 100,000 square fed were more likely to useLevel 2standalone automation systemswhile
facilities larger than 100,000 square feet were more likely to useLevel 3integrated automation
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systems and also more commonly reportetlevel 4 ntelligent controlsystems Overall, large
facilities exclusively usd Level 2 or higher contra, with 88 percent of respondentswho operated
large facilitiesreporting usingLevel 3 or Level 4 controls.

308

25%
200
Level 1
mLevel 2
15%
m Level 3
W Level 4
10%
5%
0%

< 100,000 sqgft > 100,000 sgft

Figure 18: Level ofautomation by facility size.

Source: ERI. 2024a.

Figure 19below illustrates the level of energy monitoringespondentsreported based on their level
of controls integration. Respondents operating facilities wittevel 4intelligent control systems were
the only respondentsmonitoringtheir energy use at the system level. Facilities usihgvel 3
integrated control were more likely to be monitoring energy use at the facility level.

30%

208
W No Monitoring
15% B Facility Level
m System Level
108
59
0% l

Level 1 Level 2 Level 3 Level 4

E S

Figure 19: Facility energy monitoring by highest level of automation

Source:ERI. 2024a
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Interview Findings
Conversations with industry subject matter experts complemented findings from grower suryeys
although they do not completely aligh

The research team interviewedaguipment vendors and industry organizations to understand emerging
technologies and new productsAdditionally, we interviewed@me growers to gather opinions othe
level of adoption of smart CEA&nvironmental controls, qualitative feedback on system performance
of smartenvironmentalcontrols systems, andheir experience with efficiency program participation.

This section anonymizes interviewee affiliation by using industry segment and a unique letter to
identify each subject matter expertas described inTable 19 below. The input from these 18
interviewees is representative of the key stakeholders transforming the CEA market.

Table19: Site visit summary.

Stakeholder Type Location NUTSET O Stakeholder IDs

Stakeholders

California Grower A
California Grower B
California Grower C
California Grower D

Researcher A
us 3 Researcher B
Researcher C

California

Greenhouse Growers

Academic
Researchers

Manufacturer A
Manufacturer B
5 Manufacturer C
Manufacturer D
Manufacturer E

Equipment Globalwith projects in
Manufacturers California

EEProgram
Implementers

CaliforniaEEProgram

California 1 Implementer A

1 This discrepancy can be partially explained by the high representation of large facilities in survey responses. Large
facilities use larger and more complexorticultural lighting,HVAC, irrigatiorsystems, which require more automated and
integrated controls. Another potential contributing factor is that growers employing automated, integrated, and intelligent
controls are likely to be more tecisavvy than growers wittmanual or basiccontrol systems andare therefore more likely
to respond to email and phone outreaclor an online survey.
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Number of
Stakeholders

Stakeholder Type Location

Stakeholder IDs

1 California Energy
Code Expert A

Energy Code Expert JReEl[{e]flIE}

Professional US 1 Professional
Association Association A
Industry Organization i8S 1 Kldustry Cldsneaen
Controls Certification . Controls Certification
Program North America 1 Program A

Source:ERI. 2024b.

Automated Control System Commentary

California Grower Avorks with anintegrated control system for lighting and HVAC systelile
dehumidification, humidification, undetench heating, and airflow equipmentut uses basic
controls, such as anoutdoor light sensor for their greenhouse curtains They usemostly manual
controls, e.g.,hoses or drip irrigationfor their irrigation systems.

Academicsoften work with CEA companies and build their own horticultural research laboratories on

campus. Researcher Awho isnot located in Californiashared that automation is popular because it
reducesdemand for laborand somegrowersuse it for commercial marketing purposesResearcher

B, who islocated ina CalifornialOU territorysaid that cannabis cultivators more often use manual

or basic contro$, and hasalso found that cannabis growers are more open to collaboration but are

difficult to reach. The market of California CEA operatiorikat growfood is still very smallaccording

to Researcher Bwho also feels theyare challenging to collaborate wit. 6They do not allow for any

demonstration projects unless you have very good connection® Re s e ar dHiseesearBhers a i d .
alsotoldtheteamt hat the California greenhouses coll abor at
about precision egdintfrio¢dwl antdotmati vatbe st hem t o ad:

Researcher Cwho isnot located in Californiaconducts experiments with automation and uses DLI
controls but does not monitor energy use fdheir studies. Attheir university, controls have not been
upgraded since 2016 due to the high capital cost.

Professional associations that create standardaffecting the CEA industrare currently gathering
input on the requirements that may be added to the next versions of the standard energy code
which isused throughout the United Statesncludingin California. For now, requirements suggested
byPr of essi onal wdknggroups address equipin@rg efficiencieshough this
professionalassociation shared that there is not much information on controls in existing
regulations.

Glﬂ.f’ ET23SWE00678 Smart Controls for DatéDriven Indoor Agriculture Field Evaluation
Final Report
43



Industry organizations focused on resource efficiency have published best practices guidance for
CEA automation and controls. Industry Organization A shared that theigggdsonworking group
seeks to explain how CEA control systems warkile recommendingwvays to reduce energy and
water usdiincluding strategies like advanced greenhouse daylighting control aimdloor farmVPD
control. The organization is partnered with a national lab to accelerd&in the CEA industryas they
believeacademic research is crucial for validating claims from manufacturers.

CaliforniaEEProgram Implementer Aaid that a deemed measure for CEA system automation and

integration would be more successful than a custom measurehich theyexplainedis due to the 85
percentdecline in custom projects in the past five yeargRetrocommissioningmeasures with a

deemed pathway would be nicéthe implementer said.FromCaliforniaEEPr ogr am | mpl ement e
experience working with California farms, the smaller the greenhouse, the lower the level of controls

system sophistication. Foexample, smaller greenhouses manually open and close shade curtains.

Integrated and Intelligent Control System Commentary

Proper integration of CEA controls can be difficu@alifornia Growers AB, and Call use

commercially available integrated control systems in their greenhousé&zaliforniaGrower D who

operatesan indoorfarmc | ai ms t o have O0designed and construct e
automated farm ever builtdéd ankEanddispachgnsitedi cti ve co
renewable energy sources and battery storage systentrowerE, who isnot located in California

said that they built their own integrated ad intelligent controls system ifouse for ther indoor farm

rather than buying one off the shelf.

Some manufacturers have been selling integrated and intelligent controls systems for 25 years
across the globe. Manufacturer A notes that few highach growers in theUnited Stateshave a rich
energy management data history. Their researt¢bam in the Netherlands is building a digital twin of
energy systems to use Al and proactively switch from natural gas to electricity using advanced
controls and combined heat and power systems.

System integrators working in California shared that funding for automatiorcisallenging and much
harder for cannabis cultivators than food producers. Manufacturer B described tbleallenges a
cannabis growerexperiencedon a CaliforniaNative Americarreservation which is considered a
disadvantaged community (DACYhegrowerhad Level 0manual controls for evenhorticultural
process system with one employeededicated to operating every on/off switchSince cannabis
cultivators make up 34percentof the growers in California, is important for IOUs to offer generous
incentives that substantially reduce the capital costs for automating CEA environmental controls;
utility rebates may be the only source of external funding these customers can leveragesfogrgy
efficiency projects.

Manufacturer Balso stressed the importance of heterogeneous dataxplaining

obData from vari ous s omachinelearniagrid) modelgiotreerdvisgg o t eac h
Al can hallucinate ML and Al systems need diverse and extensive data to avoid overfitting,

bias, and hallucinations Heterogeneous data ensures models learn generalizable patterns

and represent various groups accurately. Extensive data enhances accuracy and robustness,

helping Al systems understand context correctly and reduce errors. Diverse, large datasets

are crucialfor reliable and effective ML and Al systents.
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Growers and utilities alike can benefit from a common analysis platform for accessing and analyzing
plant, weather, and energy data. Manufacturer B categorized CEA controls manufacturers into
hardware manufacturers who sell black box productsand system integratos, whoare more open

and flexible with datasharing across software platforms.

Energy Monitoring Commentary

Researcher Bwhoruns a program based at a state university that helps California producers with

energy audits and identification of system optimization opportunitiesaid that most California CEA

growers do not track energy use, and those who do are reluctant to share deaad some do not

know the data even existsFor example California Grower A did not know that their system could

report energy use at the time of the interview, but later learned the functionality just needed to be

turned on. Thisgroweris now gatherirg energy use data to observe trend€alifornia Grower Baid

that they o0dondt really I ook at the energy monito
systems that is provided by theitevel 4integrated and intelligent control system.

California Grower @ s f doesinbtlisé epergy monitoring but the grower nowwvants to implement

it so they can understand energy use at the system level and manage electricity b@lalifornia

Grower D monitors energy at the system level using smart mestebut tracks this separately from the
automation system; they shared that greenhouses often track energy use at the facility lesslit is

a key metric affecting profitabilityFinally,GrowerEfiwho isnot located in Californidé shared that CEA

enegy use is |ike O0standing on top o6 a hill on a

Standardized energy reporting ialso crucial. Manufacturer B shared that companies need to
describe how they are generating energy data so users can distinguish quality of data. Energy
monitoring data can be calculated or can be reported from energy monitoring hardware installed at
the circuit level.

CaliforniaEEProgram Implementer Alescribed cannabis growers as having the largest energy

monitoring gap, with only two growers the implementer personally knows of usémgrgy monitoring

data. The implementer also said they are not sure any California grower they work with could give

them o0a fhomrkpkowatguar e f Duichgraverscormomomydknoing despi t e
these metrics.

Horticultural Lighting Control System Commentary

Lighting controls in California CEA facilitiemryby crop type For example California Grower Arows
floriculture cropsand uses horticultural lightingsystems,but they are notdimmable. Meanwhile,
California Grower Baid that their flowering cannabis greenhouses use supplemental lighting to
ensurea DLI of 30to 35 moles per square meter per daylif sunlight levels exceed 50Qvatts per
square meter, supplemental lighting systems are turned oftsrower B uses Bade curtains to reduce
light levels in ssammer, which keepsconsistent yields throughout the year.

Lighting controls manufacturers have beedevelopinghorticultural lighting products as well as

scheduling andcontrolling equipment wattage and spectral treatmentto manage loads reduce

energy use and attain nonenergy benefits for plant growth and developmenSome are physically

testing light fixtures themselves and measuring and tracking spectral data. Manufacturer C shared

that while California growers O0tehdi n,obéb24 on boar
growers they workd with controled lighting, HVAC, and irrigation systems separately.
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Even if systems are integrated, Manufactéurwirt hB no
cabling run to every light angbanel. Manufacturer D offers dynamically controlled LED light fixtures

and controls with reattime rectification of PPFD and spectral treatment. Some strategies offered by
Manufacturer D include DLI rollovére.g., 5 moles per square meter dfght from sunny days can roll

over to cloudy day&8and spectral tuning. Manufacturer D characterizes light fixtures and calculates

the energy consumed by lighting systems in the fields energy is not actually monitored at each

site. Lettuce growers are the CEA operatowhobenefit most from lighting system automation, DLI

control, and spectrum controbecause researchers and commercial growers have both observed

quality and growth characteristics of leafy greens improve with dynamic light treatments

The 2022 version of California Energy Cod@&itle 24, Part 6 for controlled environment horticulture
(CEH requires timeswitch/timeclock controls and multilevel switched dimming controls for
greenhouses and indoor growing lighting systems with more than Kilowatts of connected
horticultural lighting load. While the 2025 version of Title 24art 6 for CEH increased efficacy
requirements for lighting systems, ibffers no significant changes to lighting controls measures
although proposed changes to the2028 energy codebegan undergoing consideration in 2024CEC
20244).

CaliforniaEnergyCode Expert A said that utility EEprograms help increase market adoptioand
suggested thata successful progranbe run before Title 24 codifies horticultural lighting controls
emphasizing the need for outreach and education with incentiveBhey also shared that the greatest
energy savings opportunity for California CE$dadaptive daylighting controls for greenhouses and
that the measure has defensible savings if algorithms and data are used to verify actloatered
energyuse.

Lighting controls certification programshat work with utilities recommend supporting listed controls

products for incentive programsThird-party Controls Certification Program A said utilities need to

provide support like incentives for growers to overcome firsbst barriers for advanced lighting

controls, as California growers primarily uskevel 0 manual or Level 1 basicontrols. Like other

subjectmatter experts in these interviews,theg e scr i bed ener gy moni toring a
common, 6 a n dergysavings frem controls measures like specttduning and system

integrationare consideredpromising.

Horticultural HYAC Control System Commentary

HVAC controls across California CEA facilities are also etependent. California Grower Awho

growsfloriculture crops said all their cooling fans used VSDawhich control[HVAC systems to a
oventilation requirementdé based on .gguipmentlsouse tem
phased in with roofvents openingincrementally while fans are ramped up in stagesnGr ower A0Q S
propagation areas, their integrated control system maintains a target VPD range for unrooted

cuttings.

CaliforniaGrowerB, who cultivatescannabis said air movementiso ver y i mportant 6 to t
described a planned installation of thousands of horizontal airflow fans across their 100 acres of

greenhouse facilities They havetwo semiclosed greenhouses with more active cooling systems like

an evaporative pad and farowet wallsé California Grower Cwho grows lettuce, operatesvo

greenhousesthat use integrated HVAC controls, although one has active cooling systems and the

other has almost no space conditioning.

Gﬂf’ ET23SWE00676 Smart Controls for DatéDriven Indoor Agriculture Field Evaluation
Final Report
46



Manufacturers note that the complexity of CEA HVAC systems necessitates automation.
Manufacturer Eshared that while heating systems can handle simple controls, cooling and
dehumidification systems canngtand more sophisticated automation systems are needed to control
all the different modes. Smaller greenhouses may use manual shutoff valves for heating each bench,
but the larger the greenhouse, the more time consuming it is to shut valve manually. Facilities
greater than 10,000 square feetare more Ikely to zone their HVAC systems and use more
automation. This can be a costly endeavor, adlanufacturer Enoted that HVAC and climate control
systems canbe more expensive than the facilities that house thefifor example,up to $10 million,
compared to $4 million for constructing the greenhouse itselfhe samemanufacturertold the
research teamthat California cannabis, vegetable, herb, and strawberry growers are more likely to
use automated controls than floriculture due to higher profit margins and cuiar-specific
environmental requirements.

Manufacturer F&s climate control software uses bo
programming algorithmsincorporating Dutch plant empowerment principles to optimize plant
conditions for the highest production efficiency.

OEf ficiency of6 rMasnouufraccet\dle ceesall ieelyse a cedain ndmber of
kilograms, but we make it possible with less energy, 6O wat er, and fertilizers.

Additionally,the manufacturersaid California floriculture and tomato growers are benefiting from
adopting smartenvironmentalcontrolslikeMa nu f act ur e whicRuses inputs Bome m
infrared cameras to calculate leaf temperature and track actual VPD in cultivation spacéhe
system can analyze ideo feeds for plant growth and crop health to inforrtine decisionmaking
model.Ma n u f a c tsystera monifoi® energy at the system level bthey say it has been
challenging for their customers to get utility incentives for the technology.

Horticultural Irrigation Control System Commentary

Methods for controlling watering events in California CEA facilities also vary by crop t@adifornia

GrowerBsaidc annabi s is a crop that growers oOoneed to kn
shot than t o g usesgravintetriocdigrow $caes and masturie tonténymeters to

monitor a sample of plants in real timgwhich allows them taobserve the moment when plants start

drinking. The grower usegredictive information on substrate to determine jand how much

irrigation is necessaryfor every watering event throughout the days well as toassesswhat

nutrients are needed if any. Califorria Grower Gyrowing lettucehas one greenhouse using Deep

Water Culture and one using a pond system for irrigation; pumps run 24/7 to recirculate water and

are operated manually (plants are also watered manually).

Site VisitResults

Site visits and discussions with facility managers &ur CEA facilitiesn California complemented
findings from customer surveys and industry stakeholder intervienand allowed he research team
to observeequipment and systemsn four different CaliforniaCZ The averagdacility size was
1,224,950 square feetand the median size wag13,900 square feet; thedifference between the
average and the median iglue tothe large size of one ofthe visited facilities, whichgrows in110
acresof greenhouses or approximately 4.8 millionsquare feet. Table20 describes the fourCEA
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facilities visited in Januaryto March 2024, along with thelevel of automation for each major
horticultural process system.

Table 20: Site visit summary.

HVAC Lighting Irrigation
Crop Type Equipment  Equipment  Equipment
& Controls & Controls & Controls

CEA Facility Location

ID

Indoor
Grower #1

Cannabis Level 1 Level O Level 2

Greenhouse

#1 cz14 Cannabis Level 4 Level 4 Level 4
Cannabis,

geenhouse co5 Cucumbers  Level 4 Level 2 Level 4
Tomatoes

Greenhouse Roses,

#3 CA3 - Level 2 Level 2 Level 2

Note: Referto Appendix C: Site Visit Reporte read detailed site visit reports for each facility.
Source:ERI. 2024e.

Site Visit Findings
The t dtawsisyielded resultswith higher levels of controls automatiorthan other feedback
mechanismsin this report

50 percentof the facilities used Level 4 controls for multiple systems, including irrigatipwhich
contrasted withthe survey andinterview findings The survey findings indicated thdtevel2 controls
were most common for irrigation, with higher levels of control being more common for lighting and
HVAC systemaVleanwhile,the interview findingsindicated thatLevel 0 and Level 1controls were

the most common for all greenhouse systems throughout California

The gtes the research team visitednay beless representative of theCaliforniaCEA market.
Greenhouse #2 isa large 110-acre greenhouse facility, andlue to its size and complexity, uses
advanced and automated controls by necessity. Greenhouse #1simaller butwas designed from
the ground up as a testbed for highly automateaff-grid CEA

Energy Analysis

To characterize the California CEA markahd understand the energy savings potential of smart
environmental controls for horticultural process systems is useful to benchmark electrienergy

use intensity EU). However, the size of a CEA facility may not always be known, so other metrics can
be used to benchmark energy use over tim&he Site-Level Energy Analysisection of this report
provides more detail orelectric EUI by Californi€Z.
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During the market assessment phase of the projectgseral survey and site visit participants
voluntarily provided energy data for analysfer months in 2022 through 2024.

Additionally, theLoadshape Analysisection of this reportdescribesloadshapes for CEA facilities
usinganonymized electricity consumption data from 66 CEA facilities provided by PG&Eanges of
months from 2021 to 2023.

Site-Level Energy Analysis

The team used @ta from 2022 and 2023 to create a 12month loadshape for each of the three CEA
operations that shared electricity consumption and demand datdable21 summarizes the facility
details of and provides the calculated electric EUI fe@ach CEA operation.

Table21: Site-level energy analysis summary.

California
Climate Crop Type
Zone(C2)

Energy Analysis

Facility Annual kWh Electric EUI

ID Size (f@) (KWhft 2)

Indoor Farm A CZz12 Cannabis 3,677,461

Y Cz12 SOHELNTE oo m 574,852 8.77
(Orchids)
Cannabis,

Greenhouse B CZz05 Cucumbers, 4,800,000 11,886,303 2.48
Tomatoes

Source:ERI. 2024d.

Based on the analysis ofthis sample of facilities, hdoor farm electric EUis heavily influenced by
crop type andcan be 29 times higher than greenhouse electric EUThedata illustrates the vast
discrepancy in energy use between indoor and greenhouse facilifiésr example, hdoor Farm A s
electric EUlis 18 times greater than Greenhouse Ahough they are both in the same&Z Thisorder-
of-magnitude difference in electric EUs primarily driven bythe use of solesource horticultural
lighting in indoor farms as well as the more energintensive mechanical cooling technologg
compared to the use of supplemental lighting systems and less eneiigtensive, passive HVAC
systems in greenhousesHowever, tke differences in electric EUmay also be attributable to other
factors, such asCZz crop requirements,and level of controls system automation.

The foll owing sections de simludingmontBlal@at profilesamddé s ener g
peak demand where available.
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Indoor Farm A

Indoor Fam A is a 22,800squarefoot indoor cannabis growing facility, located in Sacramento,
California within CZ12. The indoor facility is fully enclosed and insulated, and as a result, internal
loads of the plantsand lighting are more dominant than external loadsesulting in relatively flat
usage throughout the yearas shown inFigure20 below. Indoor Farm A has an average monthly
electricity consumption of 369,200 kWh and peak demand of 979 kW.

Indoor Farm A Energy Use and Demand
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Figure20: Indoor Farm Amonthly electricity use and demand.

Source:ERI. 2024d.
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Greenhouse A

Greenhouse A is a 65,52&quarefoot greenhouse facilitythat primarily growsorchids, located in
Lodi, Gliforniain CZ12. Greenhouse A exhibits expected energy usage pattermsth electricity use
primarily driven by coolingAs shown inFigure21, energy useincreases through the spring as
weather conditionswarm andreachesa maximum inJuly and August when cooling loads are
highest, with average electricity consumptiorat 47,900 kWh per month.Demand data was not
available for Greenhouse A.

Greenhouse A Energy Use
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Figure21: Greenhouse Amonthly electricity use and demand.

Source:ERI. 2024d.
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Greenhouse B

Greenhouse B is a 11eacre greenhouseof approximately 4.8 million square feetipcated in Oxnard,
California in CZ5. The facilityprimarily grows cannabis, as well as cucumbers and tomatoasd
displays some seasonal variation Thegreenhousealso containsextensive curing, processing, and
packaging spaces, which accounts for a significant portion eliectricity usage Figure22 below
summarizes electricity consumption at Greenhouse, Bith average monthly electricity consumption
at 990,525 kWh.

Greenhouse B Energy Use and Demand
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Figure22: Greenhouse Bmonthly electricity use and demand.

Source:ERI. 2024d.

While Figure22 representselectricity consumption atGreenhouse BFigure23_belowdemonstrates
how the greenhouse generates electricity. GreenhouseBequipped withthree large, combined

heat and power(CHP)enerators which itleverages generators as primary source of heating hot
water. Operations staffsee the CHP systenas being equally efficient at hot water generation
compared to their boiler plant, with the added benefit of generating electricity that can be sold back
to the grid.Because of this, Greenhous® operates the CHP systenbased primarily on their heating
needs rather than their electrical needsand the facilityis a significant ret exporter to the grid
throughout the year GreenhouseB generated48 GWhannually and used12 GWh exporting36

GWh back to the gridrom April 2023 through March 2024.
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Greenhouse B Energy Use and Self-Generation
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Figure 23: Greenhouse Bmonthly electricity use and selfgeneration.

Source:ERI. 2024d.

Loadshape Analysis

The team generated loadshapefor the California greenhouse market usingreonymizedelectricity
usage datafrom 66 customerswith NAICS codd114fiwhich designatesgreenhouse, nursery, and
floriculture productionfacilitiesfifor monthswithin 2021 to 2023. This data represents 1.4percent
of the 4,611 greenhouses and indoor farms growing food, floriculture, and cannabis in California.

The anonymized nature of the datlimits the level of analysis No data was provided fothe size of
facilities or systems in useand aly partial, limited visibility on crop typavas available for some
customers.Data included both greenhouse and fully indoor facilities.

Data from the 66 CEA facilities was grouped into three categories: large groweiigh annual
electricity use exceeding 1,000,000 kWhmedium growers with annual electricity use between
100,000 kWh and 1,000,000 kWh and small growerswith annual electricity use less than 100,000
kWh. The team excludedL7 facilities that had less than 12 months of data and 15 customersvho
consumed less than10,000 kWh per yeat

Tocompare loadshapes between sites that may have drastically differing montbhbage the team
normalized the data with theelectricity usage intensity factor which iscalculated usingmonthly

usage divided by the maximum monthly usader all monthly data provided for each groweA high
usage intensity indicated hat a c¢ u s tfa tmenmoltisis close 8 their maximum monthly
usagefor the year;a low usage intensity indicate$ h at a c¢ u s tfar tmeenmoitlsis laws a g e
comparedto their maximummonthly usagefor the year

Thefollowing loadshape analyseslescribe usage intensity rather than absolutelectricity usage in
kWh.
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As illustrated byFigure24, there was not a dominant, consistent loadshapebservable across al66
customers Hectricity usage intensityvaried from less than 0.1 to greater than 0.9with median
guartiles between approximately 0.5 and 0.&early every monttof the yearacrossall sites.

Monthly Electricity Usage Intensity: All Growers
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Figure24: Anonymizedelectricity usage data loadshapéiall growers.

Source: ERI. 203.

However sorting and separatingdata based on totalannual usagerevealed sme patterns that may
indicate differing dominant loadsat facilities of different sizes and opportunities for optimization
through smartenvironmentalcontrols.

Table22: Anonymizeddataset growers by size,

Electricity Use Category Number of Customers

[T
e -
E- R -

Source:ERI. 2025.
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Large Growers

Figure 25 shows lhe distribution of usage among large groweifiglefined as consuming greater than
1,000,000 kWh per year, with the highest energy consuming customer usirg3200,000 kwWh per
year. The lower median quartilshows that these growergienerally have electricity usage intensity
factors greater than 04 for every month of the yeaexcept for AugustThis indicates that each
month, large growergypically have a base load that is at least 4Percentof their peak load.Median
quartiles of the large grower dataset havasage factors between 0.4 and 0.9 for most months of the
year.Maximum usagefactors donot dip below 0.8 which indicates that the largest growermay

have a base load that accounts for 8@ercentof their peak load leading to consistentlyhigh usage
throughout the year

Large growers in the datasetonsume more electricity in winterThe winter dataindicate that
lighting drives electricity uselikely because largegreenhouses typically use artificial lighting
seasonallyfor photoperiod extensionFor this reason, large growers may present a strong
opportunity forenergy savings from dimming, spectral tuningnd greenhousedaily light integral

Monthly Electricity Usage Intensity: Large Growers
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Figure25: Anonymizedusage data loadshapeiarge growers

Source: ERI. 203.

Medium Growers

The distribution of usagentensity amongmedium growergidefined as consumingoetween 100,000
and 1,000,000 kWh per yearfiis wider than that of large growersand is relatively fla throughout the
year, with minor peaks during the winter and summeFigure26_shows that these growerhave
minimum electricity usage intensity factorsf less than0.1 for some months and as high as 0.4 in
the shoulder season months of April and Septembeérhis indicates that each month, medium grower
electricity usage can be highly variablevith a base load that is 1Qto 40 percentof their peak load
Median quartiles of the medium grower dataset have usage factors between 0.4 and 0.9 for most
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months of the year.The maximumusage factor does not dip below 0.9which indicates thatsome
medium-sized growersmay have usage over 9@ercent of their peak at any time during the year

Thepeaks indicatesome of the greenhouse growers may not use as much supplemental lighting
and that HVAGnd irrigationloads may be more balanced with lighting loadEor this reason,
medium growers may present a strong opportunity fenergy savings fronrHVAC measures like VPD
optimization and automated greenhouse vent, fan, and curtain controkss well asirrigation
measures like variablespeed pumps and senscbased irrigation controls

Monthly Electricity Usage Intensity: Medium Growers
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Figure26: Anonymizedusage data loadshapé medium growers.

Source:ERI. 205.

Small Growers

The distribution of usagédntensity amongsmall growerdidefined as consumingoetween25,000

and 100,000 kWh per yearfiis similar to medium grower data and remainselatively flat throughout
the year, with minor peaks in the winter and summethat correlateto peak lighting and cooling load,
respectively Figure27 shows that these growerdiave minimum electricity usage intensity factors of
0.05 for some months and as high as 0.3 in January his suggestghat small growers are likely to
have a high variance between their peak load and their base load, with base loads as low as 5
percentof their peak load Median quartiles of the small grower dataset have usage factors between
0.25 and 0.9 for most months of the yearand the maximum usage factor ranges from 0.70 1.0,
indicating that small growesdpeak usage may occur at any point during the year

The peaks shown inFigure27 are more pronounced than with mediunor largegrowerdatasets,
indicating that besides lighting and HVAC needsmall growers usdess processequipment For this
reason, small growers may present divse opportunities for energy savings from automating lighting
and HVAC systems.
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Meonthly Electricity Usage Intensity: Small Growers
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Figure27: Anonymizedusage data loadshapéismall growers.

Source:ERI. 205.

Field Demonstratkindings

The sections below provide detailed insights from the field demonstrations conductedhnee
California greenhouses and one indoor farm fro@ctober2024 to April2025.

The objectives of the field demonstrations were to:

1. Test smart automation and energy monitoring systems in representative environments in
California CEA facilities

2. Monitor energy at the circuit level to inform energy savings potential of smart controls
measures.

3. \Validate energy savings potential of automated, integrated, and intelligent CEA controls
equipment

4. Analyze barriers to adoption, energy savings, and nenergy benefits.

Field Demonstration Methodology
At each site, emerging technologgontrolled two zonesper facility for a consistent comparison of

baseline versus emerging technology. One zone implemetdiiutomated, integrated, and intelligent
lighting, HVAC, and irrigation control€ne baseline zone usd basic controls such astime-switch
lighting controls without integrated HVA@rigation controls or artificial intelligencelike cameras.
Both zoneshad energy monitoring

The team used @ergy monitoring data from controls systems to validate energy savings estimates.
We observed sveralharvests to quantify the impact of CEA lighting, HVAC, and irrigation controls on
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energy and norenergy benefits some plants like orchids are cultivated for longer than the field
demonstration period.

All grower stakeholders and research partners had access tatd from each field demonstration
through an online dashboard maintained by the pro
Microclimates software provided a graphic user interface that displayed rdimhe data using
visualization tools. Field demonsation participants and the research teantould viewenvironmental
and energy trend data for each environmental sensor and energy monitor for thersionth field
demonstration period.

Field demonstration participants were encouraged to implement smart controls strategies
throughout the field demonstrationif they were not doing so alreadyl’he project team suggested
implementation strategies using insights gained from the granular environmental and energy data
provided by the highly automated zone.

Field Demonstration Results

Figure28 through Figure31 in this section illustrate collected data fothe four field demonstrations

at two greenhouses growing lettugesreenhouses L1 and L2one floriculture greenhouse growing
orchids, Greenhouse Fand one indoor farm growing mushroomsndoor Farm M.Table25

describes the four field demonstrations b{ZZ crop type, size, and target process system for smart
controls energy savingsRefer toAppendix Dto review the scope, business benefits, lessons learned,
and barriers to efficiency for eactof the threefield demonstratiors in more detail

Table 23: Field demonstration summary.

California Field Target Process

Field System forSmart

Climate Crop Type Demonstration

Demonstration ID Zone(CZ) Size (f8)

ControlsEnergy
Savings

Horticultural lights,

Greenhouse L1 CZ06 Lettuce 76,270 horizontal airflow fans

Horticultural lights,

Greenhouse L2 CZ06 Lettuce 163,200 horizontal airflow fans

Greenhouse F CZz03 Orchids 130,000 Hea_tlng pumps,
vertical airflow fans

Alkelectric HVAC, other

Indoor Farm M Cz01 Mushrooms 1,000
process loads

Source:ERI. 205a.

Glﬂ.f’ ET23SWE00678 Smart Controls for DatéDriven Indoor Agriculture Field Evaluation
Final Report
58



The following sections describe insights that can be used by California IOU EE programs to develop
smart controlsEEprogram offerings.

Automation Insights

Industry standard practice at thdour field demonstration facilities demonstrated a high baseline
level of sophistication for CEA environmental controlBable24 summarizes the level of control
observed at thefour field demonstrationsites in 2024 and 2025.

Table24: Field demonstration levels of control by system

Environmental Greenhouses L1 & L2 Greenhouse F Indoor Farm M

System Level of Control Level of Control  Level of Control

Heating Level 1 Basic control Level I Manual Level 1 Basic
(for setpoints) control (for setpoints)  controls
Level 3 Integrated Level 3 Integrated
control (for valves and control (for heating
pumps) valves and pumps)
Cooling & Level 3 Integrated Level 2 Automated Level 0 Manual
Dehumidification control control (for fogger) controls

Level 3 Integrated
control (for other
HVAC including

curtains)
Lighting Level 3 Integrated Level 3 Integrated Level 0 Manual
control control controls
Irrigation Level 3 Integrated Level 3 Integrated N/A
control control

Source: ERI. 2025a.

The field demonstration participant baseline represents businesses that had the time and resources
to participate in a research studynd may not accurately represent the industry standard practice of
all California CEA grower3hree of the field demonstration participants are large greenhouseas
reported in the market assessmentthese types of facilities are more likely to usautomated,
integrated, or intelligent controls likesmart lighting, HVAC, and irrigatioat Levels 2through 4. The
indoor farm is a small grower who did not have any automation system before participating in the
field demonstration.

Energy Monitoring Insights
Allfield demonstration participants had never collected historat energy consumption data at the
system level prior to participating in the study. The following insights relatestqpplemental lighting,
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greenhouse ventilation fans, greenhouse heating pumpnd indoor farm HVA@ends observed at
demonstration sites.

SUPPLEMENTALLIGHTING
Supplemental horticultural lighting systems are a large contributor to electricity use in greenhouses

that growvegetables like leafy greendn the field demonstrations at Greenhouses L1 and L2,
supplemental lighting system operation varied widely across lighting circuigsen thosewithin the
same zone. For example, somiigghts consumed no energy in the winter, but energy trends emerged
in spring after around April 30. However, other lighting circuits were used throughout the winter
months of Decembeithrough February.Some lightingsystemsdid not consume electricity for

months at a time like in March and April. Other lighting systemsuch asthe highpressure sodium
lighting system serving the vegetative greenhouse, did not turn on throughout the field
demonstration period.

Figure28 shows aspringtimelighting sequence of operatiorat a lettuce greenhouseused for
propagating young plantsthe Y axis is in units okilowatts (kW) and the Xaxis is in days.
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Figure 28: Daily leafy greens greenhouse supplemental lighting electricity consumption.

Source:ERI. 2025.

This lighting circuit represents a portion of the 392 LED light fixtures serving Greenhousewhich

has 24 lighting circuits. The automation system uses inputs from an outdoor weather station to turn

on lights as required. The supplemental lighting equipment is turned on at 3:00va to extend the
photoperiod and stays on until 10:00a.m.,at whi ch point natural sunlight
target for PPFD.

This is like aDLIcontrol sequence of operation, but not quite. Photoperiod extension sequences of
operation can result in overlighting crops and exceeding targetl Lightingpower use does not vary
significantly across the morning hours, which suggests that the fixtures are turned on in response to
weather station data and are not being dimmed based on data from light sensors in the greenhouse
at the plant canopy level.
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GREENHOUSEVENTILATION FANS
Figure29 shows a springtime ventilation fan sequence of operation at a lettuce greenhouse used for

finishing crops; the Y axis is in units &®W and the Xaxis is in days.
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Figure 29: Daily leafy greens greenhouse ventilation fan electricity consumption.

Source:ERI. 2025.

This fan circuit represents a portion of the 11 fans serving Greenhouse, ihich hastwo fan

circuits. The horizontalirflow fan system operation at Greenhouse L2 wasostly consistent, with
some variation. The automation system uses inputs from climate sensors in the greenhouse to turn
on fans as required and fansrun nearly 24/7 to maintain minimum airflow in the greenhouse for
plant growth and development. They are also used to maintain greenhouse space temperature.

When fansare running,there are not many instances of partial demand, which suggests thahile
fans are turned on in response to climate sensor dataariablespeed fans are not being used.
Survey results showed that 4percentof respondents use singlespeed ventilation fans.

GREENHOUSE HEATING PUMPS
Figure30 shows a springtime heating pump sequence of operatidar an orchid greenhouse; the Y

axis is in units of k\Wand the Xaxis is in days.
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Figure 30: Daily orchid greenhouse heating pump electricity consumption.

Source:ERI. 2025a.
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Thisheating pumpcircuit represents acirculation pump for a hot water heating systerserving
Greenhouse L2 which operatestwo bottom heating circulation pumps and one top heating pump
its hot zone Heating pumpoperation at Greenhousd-was observed to be consistentalthough there
were some unexplained spikes in demandThe automation system uses inputs frorsensors in the
greenhouse to turn ortop and bottom heatingpumps as requiredto maintain a target space
temperature setpoint but these singlespeed heatingpumps run nearlyconstantly.

INDOOR FARM HVAC
Figure31 shows exhaust fartrends for a very small indoor mushroom farrover the sixmonth field

demonstration period

M5 0.3 o214 D2/28 pans 03./a1 04ME a4/a0 paMs 051 DEME 0Es/a0

Figure31: Mushroomfarm exhaust fan electricity consumption trends.

Source:ERI. 2025a.

Thisgrow roomcircuit representsthe longterm energy consumption trends for an exhaust fan
servingIndoor Farm M Grow room exhaust faroperation atindoor Farm Mwas quite variable both
seasonally and throughout a given dayrhe automation system uses inputs from sensors in the
indoor farmto ramp the exhaust fan up and dowms required to maintain a targetndoor farmspace
temperature setpoint

At the beginning of the field demonstration period, the exhaust famman 24/7, but the operation
takes a twomonth break in springtime. At the end of the field demonstration period, trends show
exhaust fans implementing a sequence of operation that suggests variaisigeed fan operation in
response to sensors in the grow room.

Market AssessmBeicommendations

This sectionshares thecost-effective EEand demand response measures for smaCEA
environmental controlsidentified in the market assessment anaxplores the impact of tie market
assessment Additionally, the team usednputs from the literature review, surveys, interviews, and
site visits to createmeasure descriptionsfor controls strategies that reduce energy use from
greenhouses and indoor farms.

Measure Descriptions

This market assessment determined thatach CEA process system has multiple controls measures
with promising energy savings potential.able25 demonstrates that CalifornidOUs can uncover
substantial savings claims within thre€EAprocess systems

Glﬂ,f’ ET23SWEO00676 Smart Controls for DatéDriven Indoor Agriculture Field Evaluation

Final Report
62



Table25: Smart CEAenvironmental controls measure descriptions.

Measure
System

Lighting

Lighting

Lighting

HVAC

HVAC
HVAC

HVAC

h

Measure
Name

Dimming
Controls

Spectral
Tuning

Daily Light
Integral
(DLI)
Controls

Automated
Greenhouse
Vent Control

Automated
Greenhouse
Curtain
Control

Automated
CEA Fan
Control

VPD
Optimization

Variable
Speed
Pump
Control

Sensor
Based
Irrigation
Controls

Measure Description

Reduction inhorticultural light fixture
wattage coincides with improvements in
PPE

Tunehorticultural lighting spectrum forEE
fixture PPE by applying light recipes with
more reddiodes.

Reducehorticultural lighting system
operationto maintain consistent DLI based
on predictive or measuredsolar data.

Automate greenhouse ventilation controls
to reduce unnecessaryan operation.

Reduce solar radiation entering
greenhouses to reduce cooling demand by
employing shade curtains

Automate CEA HVAC fan controls to reduce
unnecessary operation.

Optimize Vapor Pressure Deficit (VPD) for
specific crops, and optimize space
temperature and humidity setpoints for
optimum EEwhile maintaining target VPD

Equip irrigation pumps with variable speed
motors and control pump speed in
reference to loop pressure, allowing
reduced pump speeds whenpartial
irrigation capacity is required

Control irrigation valves based onubstrate
moisture content rather than on timed
schedules

Process Electricity
Savings Potential

8% increase in PPE
when fixtures are
dimmed 50%

40% or more

20069%in
greenhouses

17621%

50060%

Up to 36%

25050%

27035%

33850%
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Impact of Market AssessmentFindings
The results of the market assessment indicated that incentive programs for controls measutes

whenimplemented concurrently with energy monitoring and standardized data transfer protog¢ols
will accelerate the adoption of smart environmental controls in California CEA facilities.

The impactofthemar ket assessment 6s f andkeyindgstry sakehotddre CEA me
including California IOUsclude:

T Californiads CEA mar ket of over 4, 6&xgandgamde e nhou s
more market transformation is necessary to reduce energy consumption via emerging
technologies like smart environmental controls.
1 This market assessment identifiednicentive programs for the smart CEé&nvironmental
controls measuresthatwi | | not be affected by the 2025 vers
i Standardized energy monitoring data is crucial foneasurement and verification othe energy
savings of CEA controls measuse
9 Lighting controls measuressuch as DLI controlshave the greatest electric savings potential
for greenhouses, especially those located in southern California.
9 Spectral tuning is a lighting controls measure that can save energymabst greenhouses and
indoor farms but it may not have a strong value proposition for all CEA growers.
1 Increases in industry standard practice for PPE for horticultural lighting heavily influence the
electricity savings of CEA lighting controls measures.
1 HVAGControls measures present a substantial savingspportunity,but measurement and
verification may be more complex due to the number of systems involved at each operation.
1 Irrigation controls measuresoffer the smallestelectric savings potential butwill be present at
every CEA facility in California regardless of type, size, or location.
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Technology Roadmap

These éssonslearned from the market assessment and field demonstrations combine to create a
technology roadmapwhich offersa strategic direction for program development, identifying coest
effective measures and presenting program offeringgincluding the need for new or updated
measure packagesThe findings also support utilitiesn designingEEmeasures for controls
products, with a focus on innovative strategies for deemed or hybrid approaches.

Thistechnology roadmap for smart CEA contrdldentified and evaluated environmental controls
technologies with the highest potential for energy savings and demand responpeoposingpaths to
address market barriers and provide intervention strategies for market implementation.

The savings estimates described in this section were generated using a custom energy savings
calculatorthat leverageshistorical weather data for the 16 Californi&€z. The team used datadrom

the four field demonstrations to confirm the ener
calibrate the energy savings estimated from smart CEA environmental controls strategies (ERI

2025b).

We recommend twaneasures for smart CEA environmental contrals this technology roadmap for
IOU EE program developmerBoth measures are for greenhousess the savings potential is
greater for this market thanfor indoor farms due to the large number of greenhouses in Califcani
more details on this market size are available in thiglarket Overviewsection.

Program Pathways

Data from commercialCEAbusinesses operating in California supports smart CEA controls program
design with actual energy consumption and demand data from multiple sites across the stabe
impactofthef i el d d e mdindiags onahie CEAMmar&ednd key industry stakeholders
including California IOUsclude:

1. Confirm the Level 0 to Level 4baseline level of controlfor CEA lighting, HVAC, and irrigation
contros,based on the results of this studyds surve
demonstrations. Document the IOkspecific baselineequipmentby crop type, facility size, or
other parameters using the operational details described in site visit and field demonstration
reports to develop a standalone work paper.

2. Developa deemed measure package forgreenhouse supplemental lightingDLI controls.
Theproposed changes to theCalifornia Energy Codg&itle 24, Part 6requirements for
greenhouses maynclude a requirement for DLI controlsthis gives IOUs three years to
implement an EE program for DLI controls befotiee energy code requires this automation
strategy. The recommendedcalculation methodology can be modified and used as the
permutations fora new deemedmeasure based onCZ croptype, or DLI target.The team
recommends sharinghe measure idea with theCalifornia Technical Forunteam to
determine the next steps tolaunch adeemedrebate program for DLI controls

A specialized daylighting measure for horticultural process lighting is agreenhouse DLI controls
measure for supplemental lighting systemthat does notcurrently exist in the CalifornisceTRM This
measure reduces energy consumption by using automated, integrated, andlavel 2 through Level
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4 intelligent controlsthat modulate lighting power to meet a set DLI targeError! Reference source

not found. summarizes the average savings for DLI controls across the four major types of CEA crops

that typically use suppGZdnedable wsds anl exkagpl@0,00Dgquaren Cal i f
foot greenhouse with a glazing visible light transmittance (VLT) of Ovwhich operatesLED

supplemental light fixtures with a PPE of 2.8 pmol/The estimatedsupplemental light fixture

quantity is a function ofsquare footage,but does not account for variations in light fixture quantity by

CZ Refer toAppendix Eor detailed savings metrics for each of the 16 Californiaz

Table 26: CaliforniagreenhouseDLIcontrols measure savings potential

Average
Average Average Area-
Light Fixture  Electricity = Average % Demand Normalized
Quantity Savings Savings Reduction Electricity
(kWh) (kW) Savings

(KWh/ft 2)

Tomato 179 364,339 78% 52 36

Crop Type

Cannabisd Veg W4 951,246 58% 109 95

Cannabiso
Flower

500 692,368 53% 79 69

Source: ERI. 2025b.

The average savings observed across the four crop categories reflects the higher end ofitheket

a s s e s s sawimgs d@stdnate of 20to 69 percent, as shown inTable25. This is likely due to the
influence of multiple CaliforniaCZin the southern part of the state receiving significant solar
radiation yearround. This measure would be applicable across the 1,555 greenhouses growing food
and cannabis crop which make upnearly 92 millionsquare feetof facilities across California.

3. Develop adeemed measure packagefor installing a variable frequency drive on agricultural
circulation fans in greenhousesThe recommended calculation methodology can be
modified and used as the permutations for a new deemed measure based G&Z, crop type,
or DLI target Werecommend sharingthe measure idea with theCalifornia Technical Forum
team to determine next stepdor launchinga deemed rebate progranthat could provide
variable frequency drive\(FD3 for greenhouse ventilation fans.

Currently, there is no specialized agricultural fameasure forVFDcontrols for greenhouse
ventilation fansin the CaliforniaeTRM Table27 summarizes the average savings for ventilation fan
VFDcont r ol s iQZ A€kefore, the tabteiuseHad,000-squarefoot greenhouse served by
20 1.5-horsepower ventilation fanswhich arecontrolled to a 68°F heating setpoint. Refer to
Appendix For detailed savings metrics for each of the 16 Californi@dz
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Table 27: Californiagreenhouse ventilation fanVFDmeasure savings potential.

Average Area
Normalized
Electricity
Savings
(KWh/ft 2)

Average Average
Electricity Average % Demand

Crop Type Savings Savings Reduction

(kWh) (kW)

INNG @G 123,342

Source: ERI. 2025b.

This measure would be applicable across the 3,600 greenhouses growing floriculture, food, and
cannabis crops which make upnearly 300 millionsquare feetof facilities across California.

4. Develop a unigue outreach strategy fohard-to+each HTR CEA businesses in IOU territory.
Many businesses active in the CEA market amgore likely to beHTR customerdecause
concentrations of cultivation facilitiesare in counties that satisfy theHTRgeographic
criteria.2 CEA businesses ithese counties areconsideredHTR customers if they meet one
other HTR criteriaand the study foundthat CEA businesses may meeaeveralother HTR
criteria more often For example, these businessesiay operate in leased buildinggheir
ownersor operators may not speak English as a first language, and enterprises may be
micro-businesses with less than 25 employees.

5. Leverage controls equipment manufacturers and distributors to encourage technology
transfer and recruit CEA customers and contractors to participate in new CEA controls
incentive programs and/or project marketplaces Controls equipment manufacturers can
help confirm the incremental cost of different levels of control for CEA lighting, HVAC, and
irrigation controls for IOU territoriesConsider implementing rebate programs upstream to
accelerate adoption of smart CEA environmental controls.

2 GeographicHTRcriteria: Businesses in areas other than the United States Office of Management and Budganbined
statistical areas of the San Francisco Bay Area, the Greater Los Angeles Area and the Greater Sacramento Area or the
Office of Management and Budget metropolitan statistical areas of San Diego County.
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Appendes
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Indoor Licensee Count
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Appendix A: California Cannabis Licensees by Count
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California County

Indoor Licensee Count

Mixed Light Tier 2 Licensee
Count
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879 383
Source: DCC. 2024. Unified Cannabis License Search.
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Appendix B:Survey Questionnaire
Please answer the following questions to best of your knowledge:

*Mandatory question
Facility Details
Please tell us about what crops you grow and how you cultivate them.

1. *Which of these options best describetiow you grow at your California operatiofis
a. Greenhouse
b. Indoor
c. Indoor Vertical
2. *Which of these options best describes the primary crop you grow at your California
operations?
Ornamentals / floriculture / nursery
Food (vegetables, tomatoes, herbs, berries, mushrooms, etc.)
Cannabis
*Where is your facility located in California? Enter the nearest city.
a.
7. When was your facility built? If recently retrofitted, use the year of the most recent major
renovation or addition.
a.
8. What is the total square footage of the facility that is dedicated to growing plants?
a.
Control SystenDetails

o g W

Please tell us abouthe horticultural controls systems in use at your facility. @dntrols system refers
to the hardware and softwarethat monitors environmentalconditions and manages lighting, HVAC,
and/or irrigation systems to maintain targetemperature, humidity, lightintensity, and nutrient levels
for crop growth and development

9. Which of these options best describesyodiraci | i t yés controls systems?@

a. Lighting, HVAC, or irrigation systems are not controlled by hardware or
software**allow responder to skip following questions**

b. Lighting, HVAC, or irrigation systems are controlled by programmable hardware
(example: thermostats)

c. Lighting, HVAC, or irrigation systems are controlled by software on a computer or
phone application.

10.* What is your | evel of overall satisfaction wi
lighting, HVAC, irrigation)?
a. Very Satisfied

b. Satisfied
c. Neutral
d. Dissatisfied
e. Very Dissatisfied
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11.

12.

13.

14.

15.

16.

17.

18.

Which of these options best describethe level of automation within your currenitighting
controls system?

a. No control system (on/off switch)

b. Basic (manual setpoints and schedules)

c. Automated (remote monitoring and control)

d. Integrated (simultaneous monitoring and control of multiple systems)

e. Intelligent (machine learning, Al or datdriven logic monitoring and control)
*Which of these options best describegour approach to monitoring energy consumption of
your Lighting system?

a. Do not monitor energy consumption.

b. Monitor energy consumption at the facility level.

c. Monitor energy consumption at the system level.

Please share the make and model specifications of your current controls system.

a. Lighting [ ]
Which of these options best describethe level of automation within your currenVAC
controls system?

a. No control system (on/off switch)

b. Basic (manual setpoints and schedules)

c. Automated (remote monitoring and control)

d. Integrated (simultaneous monitoring and control of multiple systems)

e. Intelligent (machine learning, Al or datdriven logic monitoring and control)

*Which of these options best describegour approach to monitoring energy consumption of
yourHVAGsystem?

a. Do not monitor energy consumption.
b. Monitor energy consumption at the facility level.
c. Monitor energy consumption at the system level.
*Which climate systems are managed by yol#tVAQ:ontrols system? Select all that apply.
a. Heating
b. Ventilation and Circulation (including fans and greenhouse vents)
c. Cooling
d. Dehumidification
e. Greenhouse Curtain (climate screen; thermal or shade)
Please share the make and model specifications of your currddWAQCcontrols system.
a. HVAC| ]

Which of these options best describethe level of automation within your currenlrrigation
controls system?

a. No control system (on/off switch)

b. Basic (manual setpoints and schedules)

c. Automated (remote monitoring and control)

d. Integrated (simultaneous monitoring and control of multiple systems)
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e. Intelligent (machine learning, Al or datdriven logic monitoring and control)
19. * Which of these options best describegour approach to monitoring energy consumption of
yourlrrigation system?
a. Do not monitor energy consumption.
b. Monitor energy consumption at the facility level.
c. Monitor energy consumption at the system level.
20. Please share the make and model specifications of your currdntigation controls system.
a. lrrigation [ ]
Facility System Details

Pleasetellusabouy our facilityds | ighting, HVAC, and
21. *Which of theseoptions best describesy o u r  f coalingequipmerid?sSelect all that
apply.
a. Natural Ventilation / Fans
b. Evaporative Cooling (pad & fan or misting/fogging systems)
c. Packaged Air Conditioner or Heat Pump System
d. Gas Chiller
e. Electric Chiller
f. Other (please specify)

g. None of the above

22.* Which of theseoptions best describesy o u r  f heatinglequipnyedtsSelect all that

apply.
Gas Unit Heaters
Gas Infrared Heaters
Gas Boiler / Hydronic Heating System
Electric Heat including Heat Pumps
Propane/Fuel Oil Heating system
Wood Heat
Other (please specify)
h. None of the above

@ *o o0 oo

rri

23.* Whi ch of these opt i on svenlationtequipreeste Seiedb @l thaty our f

apply.
a. Natural ventilation (Gable, Venlo, etc.)
b. Single speed fans
c. Fans withVSD
d. Other (please describe)
24. *Does your facility use greenhouse curtains?

a. Yes
b. No
c. N/A
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25. Please describe the type of curtains used within your greenhouse (Example: One thermal
screen and one shade curtain).
a.
26.* Which of these options best describes your f a
apply.
a. No horticultural lighting
b. Fluorescent (fype tube lights)
c. High Pressure Sodium and/or Metal Halide
d.

LED
27.* To the best of your ability, pl ease describe
irrigation pumps (Example: Two t6orsepower pumps).
a.

Energy EfficiencyEE)Details

If you like, please tell us a bit more about yownergy goalsso that we canensure efficiency
programns are effective at reducing barriers t&Efor growers.

288What was your facilityds natur al gas usage for
a. therms

29What was your facil it paStd2moathszr al gas usage for
a. kWh

30. What are your primary concerns with implementirigEupgrades?
a. First Cost of Materials and Labor for Installation
b. System Performance
c. Training Needed for New Systems
d. Labor (availability of resources)
e. Other

31. If an EEproject is proposed which involves retrofitting existing equipment to reduce energy
consumption & costs, what is an ideal payback period that you are willing to consider for the

project?
a. <1lyear
b. 106 2years
c. 205years

d. 5010 years
32. Are you considering any facility upgrades BEimprovements?
a.
33. Based on your best estimation, what do you proportion of growers like you are using
automated controls at their farm?

a. (value from-000)
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Appendix C: Site Visit Reports

Indoor Farm #1

Figure32: Cannabisflowering room at Indoor Farm #1

Source: ERI. 2024e.

Indoor Farm#1 operates a 100,000-squarefoot cannabisfacility in Sacramento, @lifornia, as
shown inFigure32 above.The facility is serviced bywo 2,000 amp meters, or480V service.The
facility was renovated in 2021 to split the facility intdour 7,200-squarefoot flowering rooms, and
one 3,600-squarefoot vegetative room.

The facility has varying levels of systeautomation, whichTable28 describesby environmental
system type.

Table28: Levels ofcontrol by system at Indoor Farm #1

Environmental System  Level of Control

HVAC Level 10 basic thermostat control
Lighting Level 06 manual on/off switch control

Irrigation Level 29 automated control

Source: ERI. 2024e.

HVAC EQUIPMENT AND CONTROLS
The grow rooms are serviced by multiple HVAC uméged to provide400 tons of coolingcapacity.

The facility primarily operates Desert Aire usjtas shown inFigure33 below, but uses one Cultiva
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unit to serve a flowering roonand one Aaon unitto serviceoffice spaces All HVAC units operate
based upon target temperature and relative humidity setpointbut the Desert Aire units do not have
VSO while the Cultiva and Aaon units dé-or monitoring grow room conditions, each grow room uses
two environmental sensor measuring temperature, C@levels, and relative humidityiand one

Level 1 HVAC contraentral thermostat

The farm uses factory controls for most HVAC unitslowever, they use custom controBesert Aire
HVAC unitsas theseshare a flowering room with the Cultiva uiwhichare shownin Figure34
below.

w

Figure33: HVAGsystem servinglndoor Farm #1

Source: ERI. 2024e.

Figure 34: Custom HVAQontrols hardware serving Indoor Farm #1

Source: ERI. 2024e.
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Each grow room is serviced by approximately two dozsrculation fans, whichdo not have VSDs
and are operated using on/off control switches.

Three of the flowering rooms havsupply air and return air ductwork locatedbove the growing
canopy, while thefinal flowering room hassupply airducts above the growing canopy andeturn air
ducts below the growing canopy.

At the site visit,Indoor Farm#1 operatorsreported histori@al issues with HVAC controlheir

principal concerns werevalve malfunctions within the HVAC units, whiclo not havefault detection
and diagnosticssystemor alarm systens. Operators areinterested in improving the remote
automated control capabilities of the HVAC system, as nighttime control is difficult with the current
on/off controls. The currentoperational procedure is to leave the HVAC system running overnight
with no on-site or remote monitoring In the case of anyHVAC systenmalfunction, employeesmust

be on-site to operate the HVAC system

LIGHTING EQUIPMENT AND CONTROLS
Most of the grow rooms are lit witfGavitaPro 1000W double-ended highpressure sodiumfixtures.

One flowering room has additional underanopy Thrive Agritech 12QV LED lightingas shown in
Figure35. Operators planto install the Thrive Agritech fixtures in the other flowering roorms2024.
The vegetative roomand one of the other flowering rooms usa @heckerboardlighting layout with
the GavitaPro fixtures and Fluence 63W LEDsas shown previously ifrigure32.

Figure 35: Undercanopy LEDIighting at Indoor Farm #1

Source: ERI. 2024e.

Allhorticultural lighting at Indoor Farm #1is operated usingLevel O lightingon/off controls. Thedaily
flowering roomlighting scheduleof 12 hours on, 12 hours off and thedaily vegetativeroom lighting
schedule is18 hours on, 6 hours off Theoveralllighting schedule is correlated to the occupancy
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schedule, such that lights are on during the day starting aroundd® a.m. Lighting equipment does
not receive information from environmental sensors in the grow rooms.

IRRIGATION EQUIPMENT AND CONTROLS
Indoor Farm #1 usesa standaloneOpenSprinklerLevel 2automated drip irrigation system to water

plants. Each flower roonconsumes an average of 450 gallons of water per dayand everyplant
receives waterand nutrientsfrom two drippers as shown inFigure 36below.

X
\
{
)
‘..‘u 4 \ \ 3 \
f ] ¥l
b Zﬂu 20 bl 'm\uv D) SATRN ui\ RTTRANY

Figure 36: Drip irrigation system at Indoor Farm #1

Source: ERI. 2024e.

The watering schedule is automated and coqoastroll ed
shown inFigure37. There are two irrigation sensors per row which monitor substrate temperature,

moisture content pH, and electric conductivity (EC). These readings are reported on an Aroya

monitoring dashboard but do not contribute to the control logic.

The automated watering schedule begins to irrigate plants when the lights turn on in intervals of 8
minutes on, 22 minutes off for the first three hours. After this initial period, the plants are watered
for 8 minutes each hour on the hour until the lightare turned off.
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Figure 37: Aroyadashboardat Indoor Farm #1

Source: ERI. 2024e.
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Figure 38: Cannabisflowering room at Greenhouse #1

Source: ERI. 2024e.

Greenhouse #1 is 820,000 -squarefoot greenhouse located in California City alifornia. The
businessgrows cannabisin a completely offgrid facility, initially by necessity due to a lack of utility
capacity in the area.The operators have used this as an opportunity to develop a testbed for growing
high-quality cannabis with a lowcarbon and water footprint.The facilityconsists of three greenhouse
ranges connected by a common head house, withsmall, attachedwarehouse containing

mechanical, administrative, and processing spaces.

Al greenhousesystems arehighlyautomated and tightlyintegrated through aunified controls
system. This high degree of integratiois leveraged to minimize the water and energy inputs to the
facility, allowingthe facility to bepoweredlargelyby a solarand battery storage systemwith a small
diesel generator that runs primarily in the winteifhe greenhouse controls system leverages
predictive weather and cloud cover forecasting to precisely balance sgdineration and battery
capacity with HVAC, lighting, and irrigation needs and loadiable29 describes the level of control
by environmental system type.
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Table29: Levels ofcontrol by system at Greenhouse#1.

Environmental System Level of Control

HVAC Level 49 integrated and intelligent control
Lighting Level 49 integrated and intelligent control

Irrigation Level 49 integrated and intelligent control

Source: ERI. 2024e.

HVAC EQUIPMENT AND CONTROLS
The greenhouses are cooledith motorized roof peak ventsexhaust fang and an evaporativedwet

wallénalso referred to as a pad and fan systerras shown in39 below. Motorized louvers on both the
fan and wet wall sides of the greenhouse keep the greenhouse sealed when exhaust fans are not
operating to ensure consistent conditions across thgreenhouse and selecareas within each
greenhouse are equipped with circulation fans attached to flexible ducting. At the time of the site
visit, these were being tested to improve climate consistency throughout the greenhoube facility
operators indicatedthey are satisfied with theirperformance andintend to expand their use to the
rest of the facility.

Greenhouses are heatedby propaneunit heaters located abovebench and hydronicradiant slab
heating inthe floors. Additionally, the common head house is equipped with unit heaters, which are
used during colder weather conditions to preat and dehumidify air before it is drawn into the
greenhouse zonesas shown inFigure40. Hot water for the radiant slab floors is generated lgy
199,000 Btu per hour MBH) tankless condensing water heater.

h
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Figure39: Greenhouse #1wet wall.

Source: ERI. 2024e.

Figure40: Greenhouse #1head house heaters.

Source: ERI. 2024e.
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All HVAC systemare controlled by a integrated Ridder Synopta_evel 4controls system based

upon target temperature and relative humidity setpoint§'he Ridder system allows for a high degree
of communicationbetween various systems, sensors, and external data sourc@e facility uses
sensors which monitor temperature, relative humidity and vapor pressure deficit to inform HVAC
controls. All energyconsuming equipmeniisuch aspumps, fans,and motorsiare equipped with

direct feedback to the control schames that take advantage of an advanced onsite weather station,
as well as external weather data sourcef®r predictive forecasting for lighting shades and solar array
output.

LIGHTING EQUIPMENT AND CONTROLS
Lightingsystems area mix of iGrow inductiofialso known as electrodeles$luorescentfihorticultural

lighting and contractosstyle string lightihgSome zones dono6ét receive suffic
proximity to opaque exterior walls and are equipped withQDO-watt, double-ended highpressure

sodium horticultural fixtures as shown inFigure41 below. All zones are also equipped with both

partial shading and blackout curtainsalso called climate screensThe curtains are controlled

through the integrated system and informed via predictive forecasting.

Figure41: Greenhouse #1typical flowering lighting zone.

Source: ERI. 2024e.

Lightingand screens arecontrolled bythe Level 4integrated Ridder Synoptasystem Lightingand
screensystems operatein concertthroughout the day to maintain consistenlight levelsregardless
of cloud cover or sunlight intensity.

IRRIGATION EQUIPMENT AND CONTROLS
The Greenhouse #Mrip irrigation systemis controlled by theLevel 4integrated Ridder Synopta

system based upon measured relative humidity levelé\s such, the schedulelepending on
greenhouse conditions and the consumption of the plant$he pumps serving the irrigation system
are shown inFigure42, with the dosingskid continuouslypulling a handmade fertilizer mixture into
the irrigation stream.
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Figure42: Greenhouse #1lirrigation pump and dosing skid.

Source: ERI. 2024e.

o
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Greenhouse#2
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Figure43: Floweringcannabis at Greenhouse #2

Source: ERI. 2024e.

Greenhouse #2is a 110-acre facility in Oxnard, @ifornia that growscannabis, cucumbes, and
tomatoes, as shown inFigure 43above. This large growing area is divided int&ix greenhouses each
split into six or twelvezones of climate contral

The facility uses varying degrees of smavironmentalcontrols to serve horticultural systemsas
described in
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Table 30: Levels ofcontrol by system at Greenhouse#2.

Environmental System Level of Control

HVAC Level 49 integrated and intelligent control
Lighting Level 20 automated control

Irrigation Level 49 integrated and intelligent control

Source: ERI. 2024e.

The facilityuses electricity from three sources: the grid, three onsite cogeneration plants, and four
acres ofdual-axis solar photovoltaic (PV) panels.

ENERGY ANALYSIS
Threecogeneration plantsuse natural gasto produce electricity and generat€Q and exhaust

water, which is captured and reused withithe facility. See Figure44 below, which shows howtle
exhaust water is filtered in a condenser and pumped into three large heat storage tankfecold
bottoms water is used to cool the cogeneration systems during the day, and beerhead water is
usedto warm the greenhouses at night.

Hot Exhaust Water Hot Overhead Water

Cool Bottoms Water Cool Return Water

Figure44: Cogenheat storage system.

Source:ERI. 2024f.

The onsite solarenergygeneration area is expansivewith four acres of panels installed. bivever,

the operator notes several issues with the motor systems, as sections of solar panels do not rotate
to capture the sun throughout the day. Greenhouse Farm #2 is planning on upgrading this system to
improve the motor functionality as well asinstall dual-sided panels to capture reflected solar

radiation from theupward facing panel area.

Detailed monthly and annual data for this greenhouse corresponds with
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Greenhouse Bin the Energy Analysisection of this report.

HVAC EQUIPMENT AND CONTROLS
Greenhouse environmental conditionare maintained with hot and cold water from cogeneration

heat storage tanks and a chillerguct socks and fansprovide ventilation as shown inFigure45
below. Large duct socksrun below each of thebenches Arflow through the duct socks is controlled
by 432 fanswhich line the east and west wallef the greenhousegq216 fans per wall) all of which
are operated withVSDs The greenhouse also operates shade curtains throughout all greenhouse
areas using two 2000 Nm motors per greenhous@Nm is a metric measurement of torque)

Figure45: Duct socks and fans at Greenhouse #2

Source: ERI. 2024e.

The pack housespace dries the picked vegetation ané cooled by several packaged units, totaling
650 tons of chilling capacity.The space is divided into 14 drying rooms, each independently
controlled by a centrabuilding automation system

The Greenhouse #2 HVAC systeisimonitored withsensorsthroughout the greenhouse. fiere are
four temperature sensors per greenhous&wo relative humidity(RH) and CQ sensors per
greenhouse, and three temperature sensors per duct soddVAC equipment isontrolled bya Priva
control system tomaintain targettemperature and relative humidity setpointswhichintegrates the
Level 4HVAC controls with the known operation of the irrigation systemmd forecasted weather
data.

The Privasystem also controls the greenhouse shade curtains in accordance with desired
temperature and DLIThis lightharvesting controls strategy falls within Level 4 control, as it
intelligently takes in forecasted weather conditions and current greenhouse conditions to change
curtain operation to reach target DLI and temperature setpoints.
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LIGHTING EQUIPMENT AND CONTROLS
TheGreenhouse #2flowering and vegetative greenhouse areas do nose supplemental

horticultural lighting The mother greenhouse areas operatewatt LEDstring lights which are
automated using Level 2timeclock controls The facility is currently testing LED grow lights in
propagation and vegetative areas tachieve more consistent canopy productivityhichare
controlled viaLevel 2photoperiod DLI controlsBoth lighting systemsare shown inFigure46 below.

Figure46: String lights LEDs undergoing testing at Greenhouse #2.

Source: ERI. 2024e.

IRRIGATION EQUIPMENT AND CONTRGL
All plants are irrigated using a drip irrigation system through thevel 4Priva system. The control

logic is a series of gravimetribased PID loops, monitoringix plants on asixfootdong scale for each
valve in the facility. The system also collectd weighsthe runoff waterand measures the EC for
the plants on the scale and monitors EC and pH to control nutrient dosing.

The plants are watered in 50 mL shots at time increments of 40 60 minutes based upon sensor
readings.The scale and valve system per row is shownhigure4?.
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Fgre47: Irrigation scale and valve systemat Greenhouse #2

Source: ERI. 2024e.

The Priva system can also accesgeather predictionsand anticipate plant behavior for the following
day. The facility has begun to monitor evapotranspiration rates through leaf temperature sensors as
part of a research and development projectvith theaim to include this reading in the Priva irrigation
and HVAC logic.
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Figure48: Greenhouseoverviewat Greenhouse #3

Source: ERI. 2024e.

Greenhouse #3in Salinas, @liforniais a facility of11 greenhouses with a total area 0f355,000
square feet. Thereare two distinct groups of greenhouses, designated North and South, as well as a
small propagation areaThe facilitygrows primarily cutroses, as well as strawberries, and until
recently,cannabis, as shown inFigure48 above.

The facility uses automated controls to serve the three major horticultural systendescribed below
in Table31.

Table31: Levels ofcontrol by system at Greenhouse#3.

Environmental System Level of Control

HVAC Level 20 automated control

Lighting Level2 & automated control

Irrigation Level 26 automated control

Source: ERI. 2024e.

i
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HVAC EQUIPMENTAND CONTROLS
HVAC systems serving the North and South Greenhouses consist of exhaust fans for cooling and

steam unit heaters for heating while smallevaporative coolers and hot water unit heaters are used
for propagation areas. The steam fan coils in the main greenhouses were equipped with desrch
flexible ducting to ensure even distribution of heating throughout the greenhoyses shown inFigure
49. The North Greenhouses are equipped with motorized roof peak veatsl the South

Greenhouses are equipped with evaporative media along the interior corridor, which would allow
them to be evaporatively cooled. However, the water drip piping to the media is not connected, and
the evaporative cooling equipment is not currently useat functional.

Figure49: Greenhouse #3steam fan coil.

Source: ERI. 2024e.

Steam for the main greenhouses is generated by two 20,924illion Btu (MBtu) natural gas fired

boilers, shown inFigure50 below. Steam is produced at 45ounds per square inchand the boiler
plant is equipped with a feedwater economizer. Hot water for the propagation area is generated by a
399 MBtu Raypak Xpak condensing boiler.
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Figure50: Greenhouse #3steam boiler.

Source: ERI. 2024e.

All equipment is controlled by an older Priva Maximizer or a newer O&and LCC4model control
system, shown inFigure51 below.For each zone, the control system controls all major systems
including HVAC, lighting, and irrigation.

‘ | .

Figure51: Environmental control system graphic user interface.

Source: ERI. 2024e.
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While the DGT system does allow for a relatively high degree of automation, the facility operators are
often frustrated with the inability of various systems to provide data and give feedback to one
another. The Priva system is computdrased, but dated, ad only allows for basic off control of
integrated systems.

LIGHTINGEQUIPMENT
Most greenhouse zones are not equipped with supplemental lighting as the crops do not need the

additional PAR light. The greenhouse zones used for strawberries are equipped with both Philips LED
fixtures, and contractorstyle string lighting with BRstyle LED lamps as shown inFigure52 below.

Figure52: Greenhouse #3strawberry zone supplemental lighting.

Source: ERI. 2024e.

The Philips LEDs are controlled by tHeGT LCC4 control system, while the string lights are operated
manually.

IRRIGATION EQUIPMENTAND CONTROLS
The irrigation system irboth the North and South Greenhousesconsistsof 7.5 hp Baldorirrigation

pumps equipped with VSDsas shown in Figure 53 below. Nu#it dosing is also performed within
the irrigationsystem andcontrolled by aLevd 1, schedulebasediQ Pump Micro systenkigure53
belowshows the ®lenoid valveswhich control flow to individual greenhouse rangegrrigation is
controlled for each zone by the Priva Maximizer or DGT LCC4 system
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Figure53: Irrigation pump skid.

Sourcefor both figures ERI. 2024e.

Figure54: Irrigation valves.

O
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Appendix D: Field Demonstration Reports

GreenhousesL1 and L2

Figure55: Greenhouses L1 and L2

Source: ERI. 203a.

This 682,070 -squarefoot lettuce facility has been in operation for over 25 years Carpinteria,
California. This site qualifies as HTRboth geographically and because dperated by norEnglish
speakers.

The facility which has varying levels of system automatiors, composed of two buildingsocated
across the street from each otherGreenhousel.1fiat 76,270 square feetfifor propagation and
Greenhouse LA at 163,200 square feetfifor vegetative stage as shown inFigure55. Table32
below describes the level of control by environmental system type.

Table 32: Field demonstration levels of control by systemat Greenhouses.1 and L2

Environmental System  Level of Control

Heating Levell & basic control(for setpoints)
Level 36 integrated control (for valves and pumps)

Cooling & Level 39 integrated control
Dehumidification

Lighting Level 39 integrated control
Level 30 integrated control

Source: ERI. 203a.
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HVAC EQUIPMENT AND CONTROLS
The greenhouse uses a Priva automation system that controls most HVAC systemawn inFigure

Figure56: Integrated environmental controls servingGreenhousesL1 and L2

Source: ERI. 2025.

Greenhouse curtain systema blackout and shade curtain§iare usedto manage light levels received
by crops during the day andeduce heat loss through the greenhouse coverings night, as shown in
Figure57. The curtain systems are controlled by thieevel 3 integrated controPriva automation
system which usesan algorithm that detects if greenhouse temperature, relative humidity, BPFD
light levelsreceived by the plant canopy is outside of target environmental conditions and opens and
closes curtains accordingly.

Figure57: Greenhouse Llcurtain system.

Source: ERI. 203a.
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For heating, the greenhouse operation useshot water boilersystemconnected to bare under
bench heat pipes Theoldest boiler, shown in Figure 58was installed in 2007. As of 2022, the
boiler capacitywas 6,142 MBH, but three new 4,000 MBH boilers were installed in 2023The facility
also uses a steam boilethat runs infrequently for sterilization of plants during propagatioihe
boiler setpoints area Level 1 basic control andnanually input at each boilerwhile sngle-speed hot
water pumps and heding valves are controlled by théevel 3 integrated controPrivasystem.

i

Figure58: Greenhouse Lland L2 boiler.

Source: ERI. 203a.

For cooling and dehumidification, the greenhouse uses roof vents and horizontal airflow fest®own
in Figure 59.The fans do not havevariable frequency drivegnd are controlledusing theLevel 3

integrated controlPrivaautomation system Greenhouse L1 used 3 fans powered by two electrical
circuit breakers while Greenhouse L2 used 1 fans powered by two breakers.

~ Ay

Figure59: Horizontal airflow fans servingGreenhousesL1 and L2

Source: ERI. 2025.
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LIGHTING EQUIPMENT AND CONTROLS
The propagation greenhousgsreenhouse [1, uses 392 LED supplemental light fixtures powered by

14 electrical circuit breakers. The vegetative greenhous@reenhouse L2 uses 665 highpressure
sodium supplemental light fixtures powered by 32 breakeras shown inFigure60.

Figure 60: Highpressure sodium supplementallighting serving Greenhouse L2

Source: ERI. 203a.

Prior to the field demonstration installation, one zone of Greenhouse L1 had a photosynthetically
active radiation (PAR) sensor sharing data on actual light levels received at the plant canopy with the
Priva automation systemAll horticultural lighting at GreenhouseL1 and L2 is controlled by the

Level 3 integrated controPrivasystem Thelights are scheduled to turn orbetween?2:00 a.m. and

7:00 a.m. to provide the plant canopy witta target DLI of 19umol/m2/day.

IRRIGATION EQUIPMENT AND CONTROLS
The irrigationpumps are not equipped with variable frequency driserather,irrigation equipment

like the irrigation booms shown ifFigure61 are controlled by the Priva automation system.

Figure61: Irrigation SystemsServingGreenhouse L1

Source: ERI. 2025.
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