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Abstract  
This report covered the feasibility of establishing a sustainable brewery on Great 

Barrier Island. Evaluation of best practises around efficient brewing processes as 

determined by available literature were undertaken. As the islands largest import is 

waste (packaging), investigation into the minimisation and usages of brewery wastes 

were undertaken. Thermodynamic analysis was undertaken to determine the required 

energy involved with operating the proposed brewing equipment. Climate analysis of 

the island was undertaken, to assess the potential for renewable energy 

implementation, due to the unique situation of GBI being “off-the-grid” thus requiring 

onsite generation. Production volume of Aotea Brewing Co ultimately determines the 

feasibility of recommended technologies. Diesel generation is the most feasible option 

when annual production volumes are ≤ 624hL. Annual production of 1872 hL leads to 

a payback period for solar preheating of the HLT via ETSC’s in 5.5 years, leading to 

an annual reduction of 2.68t CO2 emissions. At 1872 hL annual production, the 

frequency of maintenance on a diesel generator running 24/7 and the ongoing cost of 

fuel is uneconomic when compared to solar or wind alternatives, switching from diesel 

to either technology has the potential to save 30.65t in annual CO2 emissions. The 

largest cost in the implementation of renewable energy is the cost of energy storage 

(batteries), AGM technology being 25% cheaper than Li-ion (Tesla Powerwall II). 

Following on from this study, measurements around brewery energy and gas 

consumption should be monitored and tracked, allowing Aotea Brewing Co to establish 

an Energy Management System, a useful tool in identifying areas for future 

improvements. 
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1. Introduction 

The Great Barrier Island is New Zealand’s sixth largest island, located in the Hauraki 

gulf, approximately 100 kilometers north-east of Auckland (Figure 1). The Barrier as 

it is affectionately referred to by residents, is home to a permanent population of less 

than 1000 (Destination Great Barrier Island, 2018a). During the summer months, 

island population significantly increases due to increased tourism, partly attributed to 

patrons wanting to escape the hustle and bustle of everyday life. 

 

Escapism is enhanced by Great Barrier Island’s “Off-Grid” status; there is no mains 

power on the island, forcing residents to produce their own power by various means 

such as solar (Photovoltaic Cells), wind and water turbines, and diesel generators. 

Figure 1: Map of Hauraki Gulf, New Zealand. Retrieved 20 August 2018 from: 
https://www.thebarrier.co.nz/maphaurakigulf.htm 
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Visitors to the island are encouraged to leave large power consuming devices back on 

the mainland. Tourism is enhanced on the island due to the off-grid status and distance 

from the bright lights of the mainland (Destination Great Barrier Island, 2018b), 

achieving certification as one of only four dark sky sanctuaries in the world.  

Waste is becoming an ever-increasing concern for the island, with packaging being 

one of the island’s largest imports ("Waste," 2017). Reduce, reuse, recycle initiatives 

from residents and local businesses aid in maintaining the island’s clean, green 

environment. The local board has established a waste minimization fund and elected 

a waste minimization facilitator to further support the reduction of waste on the island 

(AoteaOra Community Trust, 2016).  

Caleb Clarke and Sarah Bowman, avid homebrewers and frequenters of the barrier, 

are looking to establish a brewery on the Island - Aotea Brewing Co. The motivation 

behind the venture is to reduce the amount of waste involved with the consumption of 

beer on the Island. Currently, any beer consumed on the Island is transported over 

from the mainland (typically Auckland) along with its associated packaging. When it 

comes time to dispose of the waste, glass bottles must be rinsed and sorted at the 

islands refuse stations, then subsequently packaged up and shipped back to the 

mainland for further processing. Brewing on the island would dramatically affect the 

number of transport steps involved in this process by facilitating bulk orders of raw 

materials, cutting down on the frequency of shipments. Aotea Brewing Co would offer 

stainless steel growlers which could be refilled onsite, reducing glass waste.  

 Problem 

The production of beer is an energy intensive process (Sturm, Hugenschmidt, Joyce, 

Hofacker, & Roskilly, 2013), the supply of the required energy will need to be 

generated on-site due to the off-grid status of the island. Associated generation costs 

may be prohibitive to establishing a brewery in the manner intended by Aotea. 

The cultural views of the residents of the island will play a role in the success and 

acceptance of Aotea Brewing Co. Conducting business in a manner fitting with the 

waste minimisation ethos of the island will be imperative to the success of the brewery. 

This project investigates the means of establishing Aotea Brewing Co in a sustainable 

manner. Research focussed on improvements to process efficiencies, cost-effective 
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and environmentally friendly power generation, and strategies to minimise the waste 

produced by the brewery.  

 Aim 

The aim of this project is to ascertain the feasibility of establishing a small-scale (Craft) 

brewery in an off-grid environment, in a sustainable manner. This will be determined 

through: 

- Literature review of “best practice” energy efficiency measures. 

- Thermodynamic Analysis of the demands of Aotea Brewing Co’s proposed 

brewery setup. 

- Investigation of the costs and environmental impact associated with brewery 

power generation 

The feasibility of the project will be assessed and both short- and long-term 

recommendations provided. The intention of the author is such that the information 

contained herein, will be useful to not only Caleb and Sarah of Aotea Brewing Co, but 

also to others interested in operating a small-scale brewery in an eco-friendly manner. 
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2. Background 

 Brewing Basics 

Historically the beer brewing process has been relatively simple, with few ingredients. 

Reinheitsgebot, often referred to as the German Beer Purity Law, was adopted in 

Bavaria, in 1516. The law states that the only ingredients to be used for beer brewing 

are barley, hops and water. Yeast, the fourth crucial ingredient was not included in this 

list until its discovery by Louis Pasteur in the 19th Century. Although many traditional 

brewers still adhere to Reinheitsgebot, modern brewing has evolved - including an 

ever-increasing number of potential ingredients, producing beer through more 

sophisticated, controllable and consistent processes. 

  

Figure 2 represents the simplified brewing process flow, indicating typical equipment 

required and with the exception of the yeast addition (which occurs at the fermenter), 

at what stage ingredients are added.  

  

Figure 2: Simplified Process Flow (Adapted from http://lafbrewco.com/brewing-process/) 

 

  

http://lafbrewco.com/brewing-process/
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The brewing process can be simplified into four main processing steps: 

- Mashing 

- Boiling 

- Fermentation 

- Storage 

Before mashing can occur, barley must undergo a process called Malting, resulting in 

the release of amylases - the enzymes responsible for the breakdown of carbohydrate 

and starches within the barely during the mashing process. The malting process is 

further broken down into sub-steps; steeping, germination, kilning and drying. 

Variations in these sub-steps result in differing flavours in, and colours of the finished 

product.  

Although an important step in the production of beer, many smaller breweries such as 

Aotea would purchase their barley ready malted, thus this processing step will not be 

considered within this report. Modern brewing may omit this process entirely when 

using a substitute for the starch source within the recipe, for example when producing 

gluten-free beers.  

2.1.1. Mashing 

Considering the equipment outlined in   

Figure 2, the mashing process starts with the combination of water from the hot liquor 

tank (HLT) and milled grain (typically in the form of malted barley) in a vessel called 

the mash tun. The temperature of this initial water addition dubbed Strike Water is a 

crucial aspect of this process, ultimately determining both the body/ mouth feel and 

alcohol content of the finished product. Amylases released during the malting process 

are classified as α-amylase and β-amylase, each with a different optimal temperature 

range and function.  

α-amylase activity peaks around 70 degrees (°C), breaking down the starch within the 

grain into dextrins. Increased α-amylase activity results in a finished beer that is 

sweeter, with more body and a lower alcohol content. β-amylase peaks at a lower 

temperature of 64 degrees (°C), converting the starches within the barley into short-

chain fermentable sugars. A mash temperature favouring β-amylase activity results in 

a finished beer that is more bitter, has a drier mouth feel and a higher alcohol content.  
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The latter stages of the mashing process include sparging and lautering. Sparging 

involves spraying hot water over the grain bed to collect the remaining sugars from the 

mash before advancing to the next processing stage. Lautering refers to the 

separation of the Wort (sugary liquid) from the spent grain, in larger scale operations 

this process may occur in a sperate vessel. 

2.1.2. Boiling 

The hot wort produced during the lautering process is pumped into the boil kettle where 

it is subsequently brought to a rolling boil before hops are added, giving rise to the 

characteristic bitterness and aroma of beer. The high temperature of the liquid 

prevents bacterial growth, sterilizing the wort.  

Following boiling, the wort undergoes a whirlpool procedure to separate the trub (hop 

debris and other particulate left behind from the earlier stages) from the liquid now 

referred to as Green Wort. As green wort is a sugary liquid, it is susceptible to bacterial 

infection. To combat this, the wort is passed through a heat exchanger en route to the 

fermenter vessel, quickly dropping the temperature of the wort to a level suitable for 

fermentation. It is imperative that this heat exchange step occurs as fast as practicably 

possible, minimising the time at warm temperatures thus reducing the risk of bacterial 

infection. 

2.1.3. Fermentation 

Once the wort is at a suitable fermentation temperature within the fermenter vessel, 

yeast is added. Yeast addition or pitching is responsible for the initiation of the 

fermentation process. Yeasts convert the fermentable sugars within the wort into 

alcohol and carbon dioxide. Different yeast strains are used to produce the various 

beer styles available today.  

Primary fermentation typically occurs for 4 – 10 days depending on the yeast strain 

used, initial gravity and temperature of the wort. Cessation of yeast activity indicated 

by a stabilisation in the gravity of the beer marks the end of primary fermentation.  

Secondary fermentation (often referred to as maturation, conditioning) may occur after 

primary fermentation. Not all brewers advocate for this process, due to secondary 

fermentation taking place in an additional vessel, adding complexity, time and risk of 

infection to the brewing process. However, the pros of secondary fermentation can 
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outweigh these aforementioned cons - proving useful in the clean-up of the beer, 

producing a finished product that is smoother and clearer. 

2.1.4. Storage 

The final stage of the brewing process is racking the beer to the vessels used for 

storage/consumption. Typical storage methods include kegging, bottling and canning 

the finished beer. There are numerous techniques available for this stage depending 

on the size of the brewery, and the autonomy and speed required. The most common 

kegging techniques in use within smaller breweries such as Aotea are counter-

pressure filling and gravity filling. 
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 Energy Efficiency in Breweries 

Sustainable development is an important issue currently facing brewers. The 

complexity and time-consuming nature of sustainability assessments make it difficult 

to garner adoption from the majority of breweries (Tokos, Pintarič, & Krajnc, 2012). 

Sustainability assessments are concerned with economic, societal and environmental 

impacts of a business, with a key constituent of the latter being energy usage. 

Benchmarking of a brewery against best performances within the industry allows 

brewers to strive to outperform their competitors. In 2009 only nine breweries 

published sustainability reports: Ambev; Asahi Breweries; Diageo-Guiness; Fosters; 

Heineken; Kirin; Lion Nathan; SabMiller; and Tsingtao Brewery - all of which are large 

breweries (Tokos et al., 2012). Reporting of sustainability assessments has increased 

amongst brewers in recent years, with one of New Zealand’s largest breweries DB 

breweries publishing a report in 2017. It has been proposed that larger breweries are 

more concerned with efficiency improvements due to possessing global stakeholders, 

thus forcing them to introduce sustainability goals into their business plans (Tokos et 

al., 2012). 

The most commonly utilised indicator for benchmarking energy efficiency is specific 

energy consumption (Zogla, Zogla, Beloborodko, & Rosa, 2015). Specific energy 

consumption differs between breweries not only due to differences in efficiencies, but 

also due to the volume of, and variety of beer produced (Kubule, Zogla, & Rosa, 2016). 

Specific thermal energy consumption is a result of production volumes and brewhouse 

technologies employed. Heat recovery/reintegration is becoming more common place 

in modern breweries, the most common practise being the inclusion of a cold liquor 

tank (CLT) as part of the equipment setup shown in Figure 4, elaborated on further in 

§2.3.1 on waste heat below.  

 

It is worth noting, breweries cannot merely track production volume and accurately 

predict specific energy consumption, as production volume alone provides insufficient 

information about the process itself. Malt consumption and type of storage vessel e.g. 

bottles, cans or kegs have been shown to be statistically significant predictors of 

specific energy consumption (Kubule, Zogla, & Rosa, 2016), and thus are worthwhile 

measures to track. Producing beer in kegs is the most energy efficient storage method, 
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and the intended method Aotea will use, providing keg sales as well as on-site growler 

refills. 

During the last few decades, large breweries and international brewing groups have 

been involved in extensive research around the efficiencies of brewery technologies, 

in an attempt to gain a competitive advantage through reduced raw material usage 

and specific energy consumption (Sturm et al., 2013). More recently the Brewers 

Association, a non-profit trade association dedicated to independent and craft 

breweries has begun publishing manuals and guides specifically relating to best 

practises with regards to both engineering and sustainability, with key focus on energy 

usage (Brewers Association, 2018). 

Sturm et al (2013) list the best available techniques to minimise energy and water 

consumption currently employed by commercial breweries including: 

- Minimising beer and wort losses. 

- Maintaining the lowest practicable evaporation rates (Wort Boiling)  

- Recovering energy from vapours 

- Ensuring tanks and lines are adequately insulated 

- Using variable speed drives (VSD) on pumps and compressors 

- Process automation control systems 

- Provisioning for energy storage systems 

ISO 50001:2011 outlines necessary steps an organisation should take with respect to 

energy efficiency. Compliance with this standard reassures stakeholders and 

consumers that the business is conducted with the intention of being energy efficient. 

Enviro-Mark offer an accreditation scheme called energyMark whereby organisations 

can be given a bronze, silver or gold certification depending on the degree of 

compliance with ISO 50001 (Enviro-Mark Solutions Ltd, 2018). The first steps involved 

in gaining certification is the acquisition of energy consumption figures and developing 

an Energy Management System (EnMS), with the highest (gold) level certification 

requiring regular planned audits of energy usage to ensure year-round compliance.  

Once energy usages are known, figures can be compared to industry benchmarks to 

highlight areas with high optimization potential (Muster-Slawitsch, Weiss, Schnitzer, & 

Brunner, 2011). For a small, craft brewery such as Aotea, benchmarking can be 

achieved through utilisation of the sustainability benchmarking tools advertised on the 

Brewers Association’s website, allowing for comparison of similarly sized breweries.   
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Figure 3: Energy-Mark certification process. Retrieved from: https://www.enviro-mark.com/what-
we-offer/energy-management-systems 

  

2.2.1. Smaller Breweries 

Although slower to implement the aforementioned ‘best available’ techniques and 

technologies than their larger counterparts - small, medium and microbreweries stand 

to observe economic savings, higher productivity and increased competitiveness 

through implementing energy efficiency measures (Kubule, Zogla, Ikaunieks, & Rosa, 

2016). Slower adoption rate of ‘best available’ techniques could likely be due to 

differences in the consumer space at either end of the brewery size spectrum, leading 

to vastly different motivators for employing energy efficient measures. 

Beer produced for mass market requires energy efficiency to remain competitive 

amidst consumer demand for low-cost beer, whereas consumers of so called ‘craft 

beers’ (those produced by the smaller breweries) are willing to spend more for a high 

quality product (Sturm et al., 2013). The willingness of consumers to pay a premium 

for locally produced, high quality beer acts as a barrier to energy efficiency in smaller 

breweries due to the ease of transferring any costs associated with inefficient 

processes to the consumer. Lack of financial capacity, management’s attitude toward 

energy efficiency and the importance of energy efficiency in relation to other priorities 

within the brewery are generally accepted as barriers to energy efficiency within 

smaller breweries (Kubule, Zogla, Ikaunieks, et al., 2016). 

Due to lower revenues, many smaller breweries will not upgrade/ replace equipment 

until it is imperatively necessary i.e. it no longer functions as intended or can no longer 

cope with the production demand of the brewery. This apparent mantra of ‘if it ain’t 

broke, don’t fix it’, is likely caused by the perception that equipment retrofits would 

disrupt existing operation procedures (Sturm et al., 2013), potentially influencing the 
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marketability of companies relying on specific brewing techniques/equipment for sales 

purposes. 

 Usage for Brewery Waste 

2.3.1. Waste Heat  

The brewing process can be described as a heating/cooling cycle as shown in Figure 

2 (above),  thus waste energy can be used to offset demands for successive cycles 

(Sloane, 2012). Muster-Slawitsch et al. (2011) state “Re-integration of waste heat into 

the brewing process should be considered before renewable energy sources”, due to 

the number of potential sites and applications for heat recovery and re-integration into 

the brewing process. The most common and rudimentary form of heat re-integration 

employed as stated above (§0) by the modern brewhouse is the inclusion of a CLT, 

the revised process flow is shown in Figure 4 (below). The CLT provisions for recovery 

of the waste heat produced during the cooling of the wort from the boil kettle. The 

(relatively) cold water from the CLT is used as the cooling medium for the heat 

exchanger located between the boil kettle and the fermenter vessel (Figure 4 below). 

Following whirlpooling, the hot wort must be cooled from approximately 95 degrees 

Celsius (°C), to a fermentable temperature (roughly 18-23°C for ales and 12-14°C for 

lagers). Heat recovered by the cooling water from the wort results in preheated water 

being returned to the HLT, ready for a successive brew. Alternatively, this water could 

be used for other purposes such as cleaning. 

Figure 4: Modern Brewery Process Flow 

 

Further potential for waste heat recovery occurs during the mashing process, however, 

although it is technically possible to recapture waste heat from the Mash Tun during 
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this time, alterations to the mashing vessel will be required to provide for the necessary 

heat transfer area (Sloane, 2012). The construction of Aotea Brewing Co’s Mash Tun 

would not be conducive to such recovery mechanisms, and instead care should be 

taken to ensure the vessel is appropriately insulated to minimise the waste heat at this 

stage. 

Wort boiling is the most fuel intensive process undertaken in the brewhouse, 

recovering heat from this process step can be achieved via vapour condensers in 

contact with the steam produced during unavoidable evaporation of wort during boiling 

(Sloane, 2012). With respect to direct fired kettles (as employed at Aotea Brewing Co), 

heat recovery can also be employed from the flue gasses themselves. Recovery could 

be achieved by an air-water heat exchanger retrofitted to the flue of the boil kettle. 

Alternatively, some of the flue gases could be recirculated to preheat the incoming air 

for combustion, improving the efficiency of the flame produced by the kettle burner. 
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2.3.2. Biomass 

Spent Grain 

Spent grain is the largest source of biomass waste product produced during the 

brewing process. Owing to its high protein content, spent grain is traditionally used as 

animal feed, however, the high water and fermentable sugar content in spent grain 

make it susceptible to rot and thus become unsuitable as a feed product within three 

days (Weger, Jung, Stenzel, & Hornung, 2017). Studies around the potential for using 

spent grain as an energy source, tend to be centred around the production of biogas 

through anaerobic digestion, however, the biochemical composition of raw spent grain 

makes this process difficult, with further interventions required to make biogas 

production more feasible (Panjičko et al., 2017). Biogas is deemed to be a net-zero 

carbon emission fuel source, as emissions produced during the combustion of the fuel 

are the same as those that would be produced had the biomass simply been left to rot 

(Sturm, Butcher, Wang, Huang, & Roskilly, 2012). 

Biogas production from conventional anaerobic digestion of spent grain tends to 

require high retention times due to the high water and fibre contents of spent grain 

leading to low degradation rates, resulting in the majority of pure digestion concepts 

being uneconomic (Weger et al., 2017).  

Researched methods to improve feasibility or biogas production from spent grain 

include: 

- Mechanical pre-treatment of spent grain (Weger et al., 2017) 

- Two-stage processing; consisting of solid-state anaerobic digestion and 

granular biomass reactors (Panjičko et al., 2017) 

- Trace element addition (Bougrier et al., 2018) 

- Bioaugmentation with hydrolytic anaerobic bacteria (Čater, Fanedl, Malovrh, & 

Marinšek Logar, 2015) 

Mechanical pre-treatment by utilisation of a mechanical screw as proposed by Weger 

et al., (2017) allows spent grain to be separated into a ‘press cake’ high in cellulose, 

hemicellulose and lignin, and ‘press water’ containing the protein and fat contents of 

the crude spent grains. The constituents of the press cake make it suited to 

combustion and could be co-incinerated with wood chips to produce thermal energy, 

providing an alternative heat source for the HLT and/or the boil kettle. Alternatively, 

the press cakes could be donated or on sold to fellow Barrier residents, providing a 

viable source of heating for the colder winter months, fitting with the island ethos of 
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waste minimisation. Press water would be subject to anaerobic digestion and the 

subsequently produced biogas could be used for heating (HLT preheating or Boil 

Kettle), running a combined heat and power unit, or a trigeneration system (Sturm et 

al., 2012). Trigeneration, although more efficient than employing individual processes 

for heating, cooling and electricity production relies on the brewery having external 

consumers for the surplus heat produced (Tokos, Pintarič, & Glavič, 2010), thus 

biogas would be better utilised by an off-grid brewery for heat and/or electricity 

generation.  

The hydrolysis stage of anaerobic digestion is the rate-limiting step in the production 

of biogas from spent grain. During the two-stage processing method employed by 

Panjičko et al., (2017), the solid-state anaerobic digestion (SSAD) reactor operates at 

a higher total solids content than conventional anaerobic digestion, reducing the 

typical problems of floating and stratification associated with fibrous materials. 

Commonly known as ‘Dry Digestion’, the SSAD is able to perform at higher organic 

loading rates compared to conventional anaerobic digestion, providing improved 

biological hydrolysis, resulting in a significant improvement on degradation rate and 

biogas production (Panjičko et al., 2017). The second stage comprised of a granular 

biomass reactor which produced biomethane – a higher quality fuel source compared 

to biogas, as it does not contain the large quantities of carbon dioxide typically found 

in biogas. Panjičko et al., (2017) stated the application of the proposed two-stage 

process could significantly reduce the fossil fuel usage of a brewery, substituting over 

70% of the required natural gas. An off-grid brewery such as Aotea Brewing Co. would 

greatly benefit from the reduction in fossil fuel usage not only in terms of carbon 

footprint and the cost of the fuel itself, but also the reduction in the transportation costs 

associated with fuel delivery to such a remote location. 

Surplus Yeast 

Brewer’s yeast is traditionally dried and sold to the food-processing industry. 

Processing of waste yeast requires large amounts of energy during the drying process; 

typically provided by natural gas (Zupančič, Škrjanec, & Marinšek Logar, 2012). The 

nitrogen content of brewer’s yeast makes it unsuitable for anaerobic digestion on its 

own due to the likelihood of ammonia inhibition, however, when combined with another 

substrate such as brewery waste water, biogas production can be increased by 

approximately 38% (Zupančič et al., 2012). The utilisation of waste yeast in this 

manner has a two-fold effect on natural gas consumption; reducing natural gas 
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demand through removal of the drying step in waste yeast processing, and offsetting 

natural gas consumption through the substitution of biogas. 

2.3.3. Waste CO2  

Yeast activity during wort fermentation releases carbon dioxide in the production of 

ethanol, and is responsible for some of the final carbonation of the beer itself, however 

many brewers add additional carbon dioxide to their beer at the completion of 

fermentation (Sloane, 2012). Diffusion of CO2 into the finished beer is aided by having 

the beer at a low temperature, a condition that is not conducive to yeast activity, thus 

warm fermenting temperatures result in sub-optimal diffusion into the beer, with 

excess CO2 being vented out of the fermenter vessel into the atmosphere. It is possible 

to recover this carbon dioxide by mounting a recovery system atop each fermenter 

vessel. Such CO2 recovery systems allow the brewery to be self-sufficient for carbon 

dioxide, reducing their carbon footprint by preventing venting of CO2 to the 

atmosphere. 

  



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 16  

 Renewable Energy for Breweries 

Typically measures such as waste heat integration and efficiency improvements 

should be considered before implementation of renewable energy sources. The off-

grid status of the Barrier presents a unique opportunity in that renewable energy 

implementation should be considered early in the establishment of the brewery. Power 

must be generated on-site and thus generation equipment must be purchased 

regardless.  

Analysis of the annual energy demand (load curve) along with consideration of the 

availability of a renewable resource are required before renewable energy can be 

integrated into an existing industrial energy system (Muster-Slawitsch et al., 2011). As 

stated above, Aotea Brewing Co is faced with the unique opportunity that being off-

grid affords them no existing industrial energy system. 

Onsite energy production is becoming increasingly popular for commercial breweries 

as the cost of fossil fuels continue to rise. Sierra Nevada Brewery in Chico, California 

was the second largest regional brewer in the United States in 2010, and produced 

over half their energy demands through onsite generation (Sloane, 2012). Sierra 

Nevada utilised a generation system comprising of a 1.94 MW solar array, 1.2 MW of 

Hydrogen Fuel cells, and captured biogas produced during onsite waste water 

treatment.  

A 1.5 MW wind turbine was installed alongside an existing solar array at the Fairfield 

Plant of Anheuser-Busch Inbev (Sloane, 2012). It is important to note that the 

aforementioned sources of onsite generation require considerable space; a typical 270 

W Photovoltaic Panel (solar) has a footprint of 1.65 square metres, which equates to 

roughly 6000 m2/MW. 
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3. Methodology 

 Brewery Model (Energy Demands) 

3.1.1. General Layout 
 

The brewing process employed by Aotea Brewing Co is similar to the process 

described in §2.1, with the addition of a CLT for the provision of cooling fluid for the 

heat exchanger responsible for wort cooling (HX2; Figure 5). The schematic 

representation of this process is shown in Figure 5 below. The Aotea Brewing Co 

brewhouse consists of a: 2000L HLT, 2000L CLT, 1200L mash tun, 1200L boil kettle, 

three 2500L fermenter vessels, a plate heat exchanger and a small glycol chiller. 

Heat input into the brewery occurs during two stages of the brewing process. Firstly, 

heat addition is required at the HLT to raise the temperature of the raw ground water 

to the predetermined optimum strike-water temperature (approximately 75°C). The 

second heat addition stage occurs at the boil kettle, where the wort must be 

gradually heated to achieve and maintain a rolling boil.  

A first principles thermodynamics analysis of the brewery setup was conducted to 

determine the amount of heat added and removed during the various process steps. 

The energy required for preheating of the 2000L HLT is 506.4 MJ. The energy input 

sources for HLT preheating considered for the off-grid brewery setup were: a gas 

califont and evacuated solar vacuum tubes (represented by HX1; Figure 5). Although 

viable in many small breweries and popular amongst larger breweries, steam heating 

was not considered for this brewery due to requiring extensive changes to existing 

equipment. An off-grid brewery starting off without equipment should investigate this 

heat source as it offers advantages in terms of automation with respect to 

temperature control of the vessels. Electrical heating elements within the HLT were 

not considered due to being large power consuming devices. Large power 

consuming devices are inappropriate for an off-grid setting where alternatives exist 

that avoid electrical power consumption.  

Due to already possessing a direct-fired boil kettle, wort boiling was assumed to 

remain direct-fired for the time being, however, the choice of fuel source will be 

investigated. Due to line losses and wort evaporation, approximately 1420 L are 

needed pre-boil to have 1200 L of wort ready for fermentation at the end of the 

process. It was assumed that the wort evaporation rate during boiling was ≤ 10% of 

the input liquid volume. Energy demands of the boil kettle equate to 591.5 MJ. 
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Heat removal occurs at three key points within the brewery; firstly, occurring between 

the boil kettle and fermenter vessel; secondly, at the fermenter vessel itself to 

combat the exothermic heat produced by yeast activity; finally, heat is removed by 

the keg store/ cold store during the storage of finished beer. As mentioned in §2.3.1 

the fermentation temperature of ales is 18-23°C, whereas lagers are around 10-

12°C, leading to a greater cooling load when cold crashing ales (reducing the 

temperature to 4°C, resulting in a clearer finished product). The lower fermentation 

temperature of lagers necessitates a greater baseline cooling load when compared 

with ales, owing to the daily average temperature being closer to the ale 

fermentation temperature.  

 

Figure 5: Aotea Brewing Co Current Layout 
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 Climate Analysis 
Meteoblue provided climate data dating back to 1983, containing temperature, wind 

speed and direction, solar radiation and sunlight duration. Initially developed at the 

University of Basel, Switzerland, Meteoblue operates a sophisticated, high resolution 

model based on Nonhydrostatic Meso-scale modelling technology (Meteoblue, 2018). 

Data from the last five years was analysed using Matlab 2017b, the mean daily 

temperature was plotted with respect to month in Figure 6 below. The fermenter 

vessels Aotea Brewing Co is looking to purchase are too tall to fit within the brewhouse 

and therefore will be housed outside. With respect to fermentation temperatures 

(§2.3.1), February is the only month with an average temperature equal to or above 

ale fermentation temperature. Yeast activity produces more than enough exothermic 

heat to combat heat loss from the fermenter, requiring year-round cooling of the 

fermenters. Mean daily temperature is always above lager fermentation temperature, 

thus also requires year-round cooling.  

 

Figure 6: Monthly variation of mean daily temperature of Great Barrier Island 

 

Figure 7 outlines monthly variation in both sunshine duration (minutes) and 

shortwave radiation (W/m2). Shortwave radiation stated is the cumulative total of 

radiation available on an average day, in a given month. To ascertain the solar 
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potential of GBI, sunshine duration and shortwave radiation values were converted 

to hourly figures shown in Table 1. Values were classified by season to better align 

with expected production demands and tourist numbers on the island. Brewing 

demand is expected to be highest during the warmer, summer months, coinciding 

with the months which exhibit the greatest sunshine durations as well as the largest 

amount of shortwave radiation. 

 

Figure 7: Monthly variation in daily sunshine duration and daily cumulative shortwave radiation for 
Great Barrier Island 

  

 

Table 1: Solar potential of Great Barrier Island 
 

Mean Sunshine Duration (hr) Average Radiation (W/m2h) 

Summer 7.8 784.39 

Autumn 6.2 638.98 

Winter 4.1 543.30 

Spring 5.6 410.04 

∑ 5.9 594.18 

 

A first pass assessment of wind power on GBI was conducted using monthly 

variations in average wind speed (Figure 8). The montly average was consistently at 

or above 20 km/h (5.5 m/s). Wind direction was not considered at this stage of the 
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investigation. Optimal turbine location and orientation would be determined in a 

subsequent study, supported by on-site measured values. 

 

Figure 8: Monthly wind speed variation on Great Barrier Island 
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4. Brewery Energy Demands 

 Heating Requirements of HLT 
The hot liquor tank (HLT) purchased by Aotea Brewing Co. is a 2000L pressure 

fermenter vessel. Although this vessel has a glycol jacket (likely dimple plate within 

the vessel walls) this will not be used in conjunction with the vessel as the HLT. Further 

assumptions include: there is no heating from inside the vessel, construction is 

assumed to be similar to other commercially available vessels hence insulation 

thicknesses, and wall thicknesses can be inferred. Aotea expressed a requirement of 

the HLT to be preheated to 75°C, to achieve the desired temperature following striking 

of the grain, commencing the mashing process. It was assumed that ground water on 

GBI was a constant 15°C year-round. 

 

Figure 9: Hot Liquor Tank (Courtesy of Aotea Brewing Co.) 



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 23  

 

𝑄𝐻𝐿𝑇 = 𝑚𝐻2𝑂 𝐻𝐿𝑇𝑐𝐻2𝑂Δ𝑇𝐻𝐿𝑇 

𝑚𝐻2𝑂 𝐻𝐿𝑇 = 𝜌𝐻2𝑂𝑉𝐻𝐿𝑇 

𝜌𝐻2𝑂 = 1000
𝑘𝑔

𝑚3
 (Cengel & Boles, 2015) 

𝑉𝐻𝐿𝑇 = 2000 𝐿 = 2 𝑚3 

𝑐𝐻2𝑂 = 4.22
𝑘𝐽

𝑘𝑔 𝐾
 (Cengel & Boles, 2015) 

Δ𝑇𝐻𝐿𝑇 = 75 − 15 = 60 °𝐶 

∴ 𝑄𝐻𝐿𝑇 =  1000 × 2 × 4.22 × 60 = 506400 𝑘𝐽 ≈ 506.4 𝑀𝐽 

The above calculation only addresses the input required to heat water from ground 

temperature to the required strike water temperature. Losses must be considered. The 

HLT will be treated as a thermal resistance network.  

4.1.1. Thermal Resistance of HLT 
Assuming insulation surrounding the HLT is 60mm thick. Although the HLT is jacketed 

as stated above, Aotea do not intend to use this, therefore the jacket will be assumed 

to contain air. Typical jacket choice for fermenter vessels are dimple jackets, the 

dimensions of which are unknown, therefore a gap of 4mm was assumed for this 

section. External skin-plate thicknesses were assumed to be 2mm 304SS as with 

many commercially available vessels. Internal skin-plate thickness was taken to be 

3mm 304SS. As the intermediate temperatures between layers of the HLT are 

unknown, it is appropriate to model the vessel as a thermal resistance network. 

Radiation is ignored within the jacket cavity as it was deemed to be negligible. 

Similarly, any radiation from the outer surface of the HLT was deemed negligible. All 

considered heat transfer areas were treated as the surface area of a cylinder. To make 

this assumption, heat transfer is considered unidirectional i.e. the top and bottom 

surfaces of the cylinder are insulated such that no heat gain/loss can occur here. The 

schematic representation of the corresponding thermal resistances is shown in Figure 

10 below, as radiation is negligible, all resistances are in series with one another. The 

determination of the corresponding thermal resistances is outlined in §4.1.2. 

 

Figure 10: Schematic Representation of HLT Thermal Resistance Network 



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 24  

4.1.2. Dimensions of HLT 

 

Figure 11: Schematic Representation of HLT construction 

𝑅𝑒𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 0.65𝑚 (𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑓𝑟𝑜𝑚 𝐴𝑜𝑡𝑒𝑎) 

𝑅𝑒𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑒𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.65 − 2 × 10−3 = 0.648 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑒𝑠,𝑖 = 𝑅𝑖𝑛𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

𝑅𝑖𝑛𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑅𝑖𝑛𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 0.648 − 60 × 10−3

= 0.588 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑖𝑛𝑠,𝑖 = 𝑅𝑗𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 

𝑅𝑗𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑗𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.588 −  2 × 10−3 = 0.586 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑗𝑠,𝑖 = 𝑅𝑗𝑐,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝐶𝑎𝑣𝑖𝑡𝑦 

𝑅𝑗𝑐,𝑖 = 𝑅𝑗𝑐,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗𝑎𝑐𝑘𝑒𝑡 𝑐𝑎𝑣𝑖𝑡𝑦 𝑔𝑎𝑝 = 0.586 − 4 × 10−3 = 0.582 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑗𝑐,𝑖 = 𝑅𝑖𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 

𝑅𝑖𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑖𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.582 − 3 × 10−3 = 0.579 𝑚 



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 25  

Resistance 1 – Convection between internal Skinplate and water within HLT 

𝑅1 =
1

ℎ𝐻2𝑂,𝑆𝑆 × 𝐴𝑖𝑠,𝑖
 

ℎ𝐻2𝑂,𝑆𝑆 = 1000
𝑊

𝑚2 °𝐶
 (Sturm et al. , 2013) 

𝐴𝑖𝑠,𝑖 = 𝜋 × 2 × 𝑅𝑖𝑠,𝑖 × 𝐻𝐻𝐿𝑇 

𝑤ℎ𝑒𝑟𝑒 𝐻𝐻𝐿𝑇 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐻𝐿𝑇 ≈ 1.9 𝑚 (𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝐴𝑜𝑡𝑒𝑎 𝐵𝑟𝑒𝑤𝑖𝑛𝑔 𝐶𝑜) 

∴ 𝐴𝑖𝑠,𝑖 = 𝜋 × 2 × 0.579 × 1.9 ≈ 6.9121 𝑚2 (5𝑆𝐹) 

∴ 𝑅1 =
1

1000 × 6.9121
≈ 1.4467 × 10−4

°𝐶

𝑊
  (5𝑆𝐹) 

Resistance 2 – Conduction through Internal Skinplate 

𝑅2 =
ln (

𝑅𝑖𝑠,𝑜

𝑅𝑖𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑆𝑆 × 𝐻𝐻𝐿𝑇
 

𝐾𝑆𝑆 = 17
𝑊

𝑚 °𝐶
 (𝑉𝑎𝑙𝑢𝑒 𝑓𝑟𝑜𝑚 𝐶𝐸𝑆 𝐸𝑑𝑢𝑃𝑎𝑐𝑘 2018) 

∴ 𝑅2 =
ln (

0.582
0.579

)

2 × 𝜋 × 17 × 1.9
≈ 2.5465 × 10−5

°𝐶

𝑊
  (5𝑆𝐹) 

 

Resistance 3 – Convection through Jacket Cavity 

The thermal resistance at this point within the vessel is considered natural convection 

within vertical concentric annuli (Thomas, 1999). Following substitution, the formula 

becomes as shown below: 

𝑅3 =

ln (
𝑅𝑗𝑐,𝑜

𝑅𝑗𝑐,𝑖
)

2 × 𝜋 × 𝐻𝐻𝐿𝑇 × ℎ𝑎𝑖𝑟,𝑆𝑆 × 𝐿𝑐
 

ℎ𝑎𝑖𝑟,𝑆𝑆 ≈ 10
𝑊

𝑚2 °𝐶
 (Sturm et al. , 2013) 

𝑤ℎ𝑒𝑟𝑒 𝐿𝑐 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ = 𝑅𝑗𝑐,𝑜 − 𝑅𝑗𝑐,𝑖 

∴ 𝑅3 =
ln (

0.586
0.582

)

2 × 𝜋 × 1.9 × 10 × (0.586 − 0.582)
≈ 1.4344 × 10−2

°𝐶

𝑊
(5𝑆𝐹) 

 

Resistance 4 – Conduction through Jacket Skinplate 

𝑅4 =

ln (
𝑅𝑗𝑠,𝑜

𝑅𝑗𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑠𝑠 × 𝐻𝐻𝐿𝑇
  

∴ 𝑅4 =
ln (

0.588
0.586

)

2 × 𝜋 × 17 × 1.9
≈ 1.6788 × 10−5

°𝐶

𝑊
 (5𝑆𝐹)  
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Resistance 5 – Conduction through Insulation 

𝑅5 =

ln (
𝑅𝑖𝑛𝑠,𝑜

𝑅𝑖𝑛𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐻𝐻𝐿𝑇
 

𝐾𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 0.039
𝑊

𝑚2 °𝐶
(𝑉𝑎𝑙𝑢𝑒 𝑓𝑟𝑜𝑚 𝐶𝐸𝑆 𝐸𝑑𝑢𝑃𝑎𝑐𝑘 2018)  

∴ 𝑅5 =
ln (

0.648
0.588

)

2 × 𝜋 × 0.039 × 1.9
≈ 2.0869 × 10−1

°𝐶

𝑊
 (5𝑆𝐹) 

Resistance 6 – Conduction through External Skinplate 

𝑅6 =
ln (

𝑅𝑒𝑠,𝑜

𝑅𝑒𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑠𝑠 × 𝐻𝐻𝐿𝑇
  

∴ 𝑅6 =
ln (

0.65
0.648

)

2 × 𝜋 × 17 × 1.9
≈ 1.5185 × 10−5

°𝐶

𝑊
 (5𝑆𝐹) 

Resistance 7 – Convection between ambient air and External Skinplate 

𝑅7 =
1

ℎ𝑎𝑖𝑟,𝑆𝑆 × 𝐴𝐻𝐿𝑇
  

𝑤ℎ𝑒𝑟𝑒 𝐴𝐻𝐿𝑇 = 2 × 𝜋 × 𝑅𝑒𝑠,𝑜 × 𝐻𝐻𝐿𝑇 

∴ 𝐴𝐻𝐿𝑇 = 2 × 𝜋 × 0.65 × 1.9 ≈ 7.7597 𝑚2 (5𝑆𝐹) 

∴ 𝑅7 =
1

10 × 7.7597
≈ 1.2887 × 10−2

°𝐶

𝑊
 (5𝑆𝐹) 

Total Resistance 

𝑅𝑇𝑜𝑡𝑎𝑙 𝐻𝐿𝑇 = ∑𝑅 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 + 𝑅6 + 𝑅7 

∴ 𝑅𝑇𝑜𝑡𝑎𝑙 𝐻𝐿𝑇 =  1.4467 × 10−4 + 2.5465 × 10−5 + 1.4344 × 10−2 + 1.6788 × 10−5

+ 2.0869 × 10−1 + 1.5185 × 10−5 + 1.2887 × 10−2 ≈ 2.3612 × 10−1
°𝐶

𝑊
 (5𝑆𝐹) 

 

4.1.3. Rate of Heat Loss from HLT 
Assuming the HLT contents are 75°C and ambient temperature is 10.8°C (worst case 

scenario, based on lowest daily mean temperature value identified from Meteoblue 

data). 

�̇�𝐻𝐿𝑇 𝑙𝑜𝑠𝑠𝑒𝑠 =
Δ𝑇𝐻𝐿𝑇 𝑤𝑎𝑙𝑙

𝑅𝑇𝑜𝑡𝑎𝑙 𝐻𝐿𝑇
=

75 − 10.8

2.3612 × 10−1
≈ 271.90 𝑊 

When considering heat losses during pre-heating of the HLT as well as during storage 

of water in HLT e.g. during mash infusion, the above figure will be used. 
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 Heat Loss from Mash Tun 
The mash tun (Figure 12) has no provision for heat addition aside from adding 

additional strike/sparge water. Detailed information around the construction of the 

mash tun are unknown. As this has been used previously by Hallertau brewery, it was 

assumed that the mash tun has sufficient insulation such that the wort entering the boil 

kettle is not significantly different from the temperature at which it leaves the mash tun. 

Therefore, it is assumed the temperature of the wort following sparging is no lower 

than 64°C. Heat loss calculations will not be performed on this vessel at this stage. 

 

Figure 12: Mash Tun (Courtesy Aotea Brewing Co.) 
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 Heating Requirements of Boil Kettle 
The wort arrives in the boil kettle following sparging at 64°C, then gradually heated to 

100°C. Differing brewery setups will necessitate differing pre-boil volumes depending 

on brewery efficiency. It is assumed 10% of the volume will be lost to the added hops 

in the form of trub, and a further 6% will be evaporated off during the wort-boiling 

process, thus, a pre-boil volume of 1500 L was assumed. 

The kettle Aotea will use is a direct-fired kettle as shown in Figure 13 below. Although 

the burner size was not indicated, it is commonly accepted in the brewing industry that 

a brewery will require 30K BTU’s of input per barrel of beer produced (BBL). Aotea’s 

1200 L system is roughly 10 BBL, therefore a 300k BTU/hr burner was assumed, 

equating to 88 kW of heat output. 

 

Figure 13: Boil Kettle (Courtesy Aotea Brewing Co.) 
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4.3.1. LPG Input Required 
The entire boiling process is reported to take 2.5 hours, this comprises of 1 hour of 

heating and 1.5 hours boiling.  

Heating 

𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =  𝑚𝑤𝑜𝑟𝑡𝑐𝑤𝑜𝑟𝑡Δ𝑇𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒 

𝑚𝑤𝑜𝑟𝑡 = 𝜌𝑤𝑜𝑟𝑡𝑉𝑤𝑜𝑟𝑡,𝑝𝑟𝑒 𝑏𝑜𝑖𝑙  

𝜌𝑤𝑜𝑟𝑡 = 1.03
𝑘𝑔

𝐿
 (Scheer, 2014) 

∴ 𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 1.03 × 1500 × 4100 × (100 − 64) = 228042000 𝐽 ≈ 228 𝑀𝐽 

�̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑡ℎ𝑒𝑎𝑡𝑖𝑛𝑔
=

228 × 106

3600
= 63345 𝑊 ≈ 63.3 𝑘𝑊 

Evaporation 

𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔 =  𝑚𝑠𝑡𝑒𝑎𝑚𝑓𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 

𝑚𝑠𝑡𝑒𝑎𝑚 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑤𝑜𝑟𝑡 = 𝜌𝐻2𝑂100°𝐶
%𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑𝑉𝑤𝑜𝑟𝑡,𝑝𝑟𝑒 𝑏𝑜𝑖𝑙  

𝜌𝐻2𝑂100°𝐶
= 965

𝑘𝑔

𝑚3
 

𝑓𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 (𝑤𝑎𝑡𝑒𝑟) = 2250
𝑘𝐽

𝑘𝑔
 

%𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 = 6% = 0.06  

∴ 𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔 = 965 × 0.06 × 1.5 × 2250 × 1000 = 195412500 𝐽 ≈ 195.4 𝑀𝐽 

�̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔 =
𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔

𝑡𝑏𝑜𝑖𝑙𝑖𝑛𝑔
=

195.4 × 106

1.5 × 3600
= 36187.5 𝑊 ≈ 36.2 𝑘𝑊 

 

Total Heat Input 

�̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒 =  �̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 +  �̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔 = 63.3 + 36.2 = 99.5 𝑘𝑊 𝑜𝑓 ℎ𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡 

Note as the 88 kW burner is expected to take one hour to raise the boil kettle 

temperature, the thermal resistance of this vessel is not required to be calculated. The 

efficiency of the kettle can be assumed to be as follows: 

𝜂𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒 =
�̇�𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔

�̇�𝑏𝑢𝑟𝑛𝑒𝑟

=
63.3

88
= 0.71932 ≈ 72% 

The amount of LPG required per 1200 L batch can then be calculated taking into 

account the energy content of LPG. 

𝐿𝑃𝐺𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =

(
(𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 + 𝑄𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒,𝑏𝑜𝑖𝑙𝑖𝑛𝑔)

𝜂𝑏𝑜𝑖𝑙 𝑘𝑒𝑡𝑡𝑙𝑒
)

𝑄𝐿𝑃𝐺
 

∴ 𝐿𝑃𝐺𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 =
(228 + 195.4)

72% × 25
≈ 23.5 𝐿  
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23.5L of LPG equates to roughly a quarter of a 45 kg LPG bottle per boil. Once Aotea 

has the equipment setup, the true figure of LPG usage can be determined. Improving 

the firebox design as well as recirculating some of the flue gasses to aid in preheating 

of the combustion air will increase the efficiency of this system. Longer term an 

enclosure could be designed to flue the exhaust gasses around the boil kettle to 

provision for additional heat transfer across the boil kettle walls. 

 Power Demand of Keg Store 

4.4.1. Transmission Load 
𝑄𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑈𝑘𝑠𝐴𝑘𝑠(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒) 

𝐴𝑘𝑠 = 2(2.5 × 2.9) + 2(2.9 × 6.06) + 2(2.5 × 6.06) 

𝐴𝑘𝑠 = 79.948 𝑚2 ≈ 80 𝑚2 

𝑈𝑘𝑠 = 0.4
𝑊

𝑚2 𝐾 
 (𝐴𝑠 𝑜𝑢𝑡𝑙𝑖𝑛𝑒𝑑 𝑖𝑛 𝐼𝑆𝑂 1496.2) 

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 25 °𝐶 (𝑊𝑜𝑟𝑠𝑡 𝐶𝑎𝑠𝑒 𝑓𝑟𝑜𝑚 𝑀𝑒𝑡𝑒𝑜𝑏𝑙𝑢𝑒 𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑑𝑎𝑡𝑎 ≈ 22 °𝐶 − 𝑑𝑎𝑖𝑙𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒) 

𝑇𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 = 2 °𝐶 (𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝐴𝑜𝑡𝑒𝑎 𝐵𝑟𝑒𝑤𝑖𝑛𝑔 2 − 4 °𝐶) 

∴ 𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 0.4 × 80 × (25 − 2) = 736 𝑊 

 

Note this reflects the worst-case scenario in the heat of summer; which would 

correspond to the busiest time of year for Aotea Brewing Co. 

4.4.2. Product Load 
It takes approximately 5 minutes to rack (fill) a 50L keg, kegs will then be stacked 8 to 

a pallet before entering the Keg Store. A loaded pallet will enter the keg store once an 

hour, allowing one hour for the introduced pallet to cool to the storage temperature 

before introducing a successive ‘warm’ pallet. It is assumed the temperature of the 

‘warm’ pallet will be no greater than 7 degrees Celsius. 

𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 𝑁𝑘𝑒𝑔𝑠 𝑝𝑒𝑟 𝑝𝑎𝑙𝑙𝑒𝑡 × [𝑚𝑏𝑒𝑒𝑟𝑐𝑏𝑒𝑒𝑟(𝑇𝑤𝑎𝑟𝑚 𝑝𝑎𝑙𝑙𝑒𝑡 − 𝑇𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒)

+ 𝑚𝑘𝑒𝑔𝑐𝑘𝑒𝑔(𝑇𝑤𝑎𝑟𝑚 𝑝𝑎𝑙𝑙𝑒𝑡 − 𝑇𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒) 

𝑁𝑘𝑒𝑔𝑠 𝑝𝑒𝑟 𝑝𝑎𝑙𝑙𝑒𝑡 = 8; 

𝑚𝑏𝑒𝑒𝑟 = ρbeerVbeer 

ρbeer ≈ ρwort = 1.03
kg

L
 

Vbeer = Vkeg = 50 L (As per DIN 6647) 

∴ mbeer = 1.03 × 50 = 51.5 𝑘𝑔 

𝑐𝑏𝑒𝑒𝑟 = 𝑐𝑤𝑜𝑟𝑡 = 4.1
𝑘𝐽

𝑘𝑔 𝐾
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𝑚𝑘𝑒𝑔 = 11.4 𝑘𝑔 (As per DIN 6647) 

𝑐𝑘𝑒𝑔 = 𝑐304𝑆𝑆 = 0.49
𝑘𝐽

𝑘𝑔 𝐾
   

𝑇𝑤𝑎𝑟𝑚 𝑝𝑎𝑙𝑙𝑒𝑡 = 7 °𝐶 

∴ 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡 = 8 × [51.5 × 4.1 × (7 − 2) + 11.4 × 0.49 × (7 − 2)] = 2.4082 𝑘𝑊 ≈ 2410 𝑊 

4.4.3. Internal Load 
Assumption that Aotea will be utilising LED lighting to reduce the demand for electrical 

power input. AS/NZS.2.4:2007 outlines the required minimum level of light intensity to 

be 160 Lux (1 Lux = 1 Lumen/m2). The floor area of the reefer container is 

approximately 13 m2, necessitating 2080 lumens. LED T8 tube lights come in both 

cool white (1690 Lumens/ Tube) and warm white (1750 Lumens/ Tube), thus to 

achieve the required minimum of 2080 lumens, Aotea will require 2 tubes for this 

space. Each tube is 18W, therefore total power draw for lighting of the keg storage will 

be 36W.  

Power draw for the evaporator fans was assumed based off Transicold Model 

#69NT40-541-500, a typical reefer container integral chiller. 

𝑄𝑤𝑜𝑟𝑘𝑒𝑟 = 295 𝑊 (𝑉𝑎𝑙𝑢𝑒 𝑓𝑟𝑜𝑚 𝑇𝑎𝑏𝑙𝑒 𝐴2 𝐸𝑁 𝐼𝑆𝑂 8996: 2004) 

𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 36 𝑊; (𝐵𝑎𝑠𝑒𝑑 𝑜𝑛 𝐿𝑥 𝑙𝑒𝑣𝑒𝑙 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠 𝑓𝑜𝑟 𝑎 𝑤𝑎𝑟𝑒ℎ𝑜𝑢𝑠𝑒 𝑎𝑠 𝑜𝑢𝑡𝑙𝑖𝑛𝑒𝑑 𝑖𝑛 𝐴𝑆

/𝑁𝑍𝑆. 2.4: 2007 

𝑄𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 = 2 × 60 𝑊 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 𝑓𝑎𝑛𝑠 = 120 𝑊 

∴ 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑄𝑤𝑜𝑟𝑘𝑒𝑟 +  𝑄𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 + 𝑄𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 = 295 + 36 + 120 = 451 𝑊 

 

4.4.4. Infiltration Load 
The below calculation for infiltration load within the keg store assumes there is a 

complete air change every time a new pallet is introduced, and this introduced pallet 

is cooled to keg store temperature before the introduction of an additional ‘warm’ 

pallet. Therefore, there will be a total of 6 air changes per day (assumes kegging a 

maximum of a single fermenter vessel across a working day). Because the total time 

would also be 6 hours (1 hour per air change) the calculation below only considers 

one air change (factor of 6 removed from both the numerator and denominator). 

𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑚𝑎𝑖𝑟𝑐𝑝,𝑎𝑖𝑟(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑘𝑒𝑔𝑠𝑡𝑜𝑟𝑒)

𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔
 

𝑚𝑎𝑖𝑟 =  𝜌𝑎𝑖𝑟,25°𝐶𝑉𝑎𝑖𝑟  
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𝜌𝑎𝑖𝑟,25°𝐶 = 1.184
𝑘𝑔

𝑚3
 

𝑉𝑎𝑖𝑟 = 𝑉𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 = 5.56 × 2.39 × 2.57 = 34.151 𝑚3 ≈ 34.2 𝑚3  

𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 1 ℎ𝑜𝑢𝑟 = 3600𝑠 

𝑐𝑝,𝑎𝑖𝑟
= 1.007

𝑘𝐽

𝑘𝑔 𝐾
  

∴ 𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
1.184 × 34.2 × 1.007 × (25 − 2)

3600
= 0.26051 𝑘𝑊 ≈ 261 𝑊 

 

4.4.5. Total Load 
Total keg store load is taken as the sum of the above associated loads. Thus, the 

maximum load on the keg store can be taken as follows: 

𝑄𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 = 𝑄𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 + 𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑄𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 = 736 + 2410 + 451 + 261 = 3858 𝑊 

∴ 𝑄𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 ≈ 3.9 𝑘𝑊 

 Fermenter Loads 
Aotea Brewing has three 2500L jacketed fermenter vessels (Figure 14). The greatest 

cooling load will be experienced when two fermenters contain a lager style beer and 

the third is cold-crashing an ale style beer. The fermenters are to be housed outside 

as they are too tall to fit within a 20ft high cube container such as those used for the 

office and brewhouse. As lager yeasts require vessel temperature to be maintained 

between 12-14°C, these vessels will experience convective heat gain due to ambient 

conditions being greater than the maintenance temperature of the fermenter vessel. 

Fermentation temperature for Ales is greater than lagers at 18-23°C. It is assumed 

that the fermenter vessels will be kept in a shaded area, thus radiative heat transfer is 

assumed to be negligible. Fermenter vessels are cooled via integral cooling jackets 

(dimple plates), cooling medium is provided by an external glycol chiller (shown 

between Fermenter Vessels 1 and 2 Figure 14).  



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 33  

 

Figure 14: Fermenter Vessels (Courtesy of Aotea Brewing Co.) 
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4.5.1. Thermal Resistance Calculation 
The construction of the fermenter vessels was assumed to be 304 stainless steel. 

Although fermenters have a conical bottom, a cylindrical approximation was made for 

the vessel construction. To determine the thermal resistance of these vessels, 

dimensions were calculated based on the exterior dimensions provided by Aotea in 

comparison with readily available fermenter vessels. The cylindrical approximation 

assumes the construction of each concentric layer to be a uniform thickness. Heat 

transfer was assumed to be unidirectional, such that heat would enter the vessel due 

to ambient conditions. Further, more detailed calculations can be made once the 

vessels are in use as true heat loss can be calculated. 

Assuming the bulk of the protruding section on the vessel (region containing the jacket) 

is insulation, an insulation thickness of 120mm assumed. Skinplate and jacket 

thickness assumptions are the same as those previously made for the HLT. The glycol 

cooling medium is comprised of mostly water, with some propylene glycol added to 

lower the freezing temperature of the fluid, the heat transfer coefficient for water 

against stainless steel used in the HLT calculations will be used in this cavity. 

Steady-state conditions are assumed for these calculations, with the glycol jackets 

filled but not actively cooling, supporting the unidirectional heat conduction assumption 

above. 

The schematic representation of the corresponding thermal resistances is shown in 

Figure 15 below, as radiation heat transfer to/from the fermenter vessels is assumed 

to be negligible, all resistances are considered in series with one another.  

 

Figure 15: Schematic Representation of Fermenter Vessel Thermal Resistance Network 

 

A schematic representation of the FV cross section is shown in Figure 16 below. 

Determination of vessel geometry is first calculated followed by the thermal resistance 

of each layer. 
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Figure 16: Schematic Representation of Fermenter Vessel Construction 

𝑅𝑒𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 0.775𝑚 (𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑓𝑟𝑜𝑚 𝐴𝑜𝑡𝑒𝑎) 

𝑅𝑒𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑒𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.775 − 2 × 10−3 = 0.773 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑒𝑠,𝑖 = 𝑅𝑖𝑛𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

𝑅𝑖𝑛𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑅𝑖𝑛𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 0.773 − 120 × 10−3

= 0.653 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑖𝑛𝑠,𝑖 = 𝑅𝑗𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 

𝑅𝑗𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑗𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.653 −  2 × 10−3 = 0.651 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑗𝑠,𝑖 = 𝑅𝑗𝑐,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐽𝑎𝑐𝑘𝑒𝑡 𝐶𝑎𝑣𝑖𝑡𝑦 

𝑅𝑗𝑐,𝑖 = 𝑅𝑗𝑐,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑗𝑎𝑐𝑘𝑒𝑡 𝑐𝑎𝑣𝑖𝑡𝑦 𝑔𝑎𝑝 = 0.651 − 4 × 10−3 = 0.647 𝑚 

𝑁𝑜𝑡𝑒: 𝑅𝑗𝑐,𝑖 = 𝑅𝑖𝑠,𝑜 = 𝑂𝑢𝑡𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 

𝑅𝑖𝑠,𝑖 = 𝐼𝑛𝑛𝑒𝑟 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑆𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒 = 𝑅𝑖𝑠,𝑜 − 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑘𝑖𝑛𝑝𝑙𝑎𝑡𝑒

= 0.647 − 3 × 10−3 = 0.644 𝑚 
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Resistance 1 – Convection between internal Skinplate and beer within FV 

𝑅1 =
1

ℎ𝑏𝑒𝑒𝑟,𝑆𝑆 × 𝐴𝑖𝑠,𝑖
 

ℎ𝑏𝑒𝑒𝑟,𝑆𝑆 ≈ ℎ𝐻2𝑂,𝑆𝑆 = 1000
𝑊

𝑚2 °𝐶
  

𝐴𝑖𝑠,𝑖 = 𝜋 × 2 × 𝑅𝑖𝑠,𝑖 × 𝐻𝐹𝑉 

𝑤ℎ𝑒𝑟𝑒 𝐻𝐹𝑉 = 𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐹𝑉 ≈ 3.6 𝑚 (𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝑏𝑦 𝐴𝑜𝑡𝑒𝑎 𝐵𝑟𝑒𝑤𝑖𝑛𝑔 𝐶𝑜) 

∴ 𝐴𝑖𝑠,𝑖 = 𝜋 × 2 × 0.644 × 3.6 ≈ 14.567 𝑚2 (5𝑆𝐹) 

∴ 𝑅1 =
1

1000 × 14.567
≈ 6.8649 × 10−5

°𝐶

𝑊
  (5𝑆𝐹) 

Resistance 2 – Conduction through Internal Skinplate 

𝑅2 =
ln (

𝑅𝑖𝑠,𝑜

𝑅𝑖𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑆𝑆 × 𝐻𝐹𝑉
 

𝐾𝑆𝑆 = 17
𝑊

𝑚 °𝐶
  

∴ 𝑅2 =
ln (

0.647
0.644

)

2 × 𝜋 × 17 × 3.6
≈ 1.2086 × 10−5

°𝐶

𝑊
  (5𝑆𝐹) 

 

Resistance 3 – Convection through Jacket Cavity 

The thermal resistance at this point within the vessel is considered natural convection 

within vertical concentric annuli.  

𝑅3 =

ln (
𝑅𝑗𝑐,𝑜

𝑅𝑗𝑐,𝑖
)

2 × 𝜋 × 𝐻𝐹𝑉 × ℎ𝑎𝑖𝑟,𝑆𝑆 × 𝐿𝑐
 

ℎ𝑔𝑙𝑦𝑐𝑜𝑙 𝑚𝑖𝑥,𝑆𝑆 ≈ ℎ𝐻2𝑂,𝑆𝑆 = 1000
𝑊

𝑚2 °𝐶
 

𝑤ℎ𝑒𝑟𝑒 𝐿𝑐 = 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑒𝑛𝑔𝑡ℎ = 𝑅𝑗𝑐,𝑜 − 𝑅𝑗𝑐,𝑖 

∴ 𝑅3 =
ln (

0.651
0.647)

2 × 𝜋 × 3.6 × 1000 × (0.651 − 0.647)
≈ 6.8120 × 10−5

°𝐶

𝑊
(5𝑆𝐹) 

 

Resistance 4 – Conduction through Jacket Skinplate 

𝑅4 =

ln (
𝑅𝑗𝑠,𝑜

𝑅𝑗𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑠𝑠 × 𝐻𝐹𝑉
  

∴ 𝑅4 =
ln (

0.653
0.651

)

2 × 𝜋 × 17 × 3.6
≈ 7.9772 × 10−6

°𝐶

𝑊
 (5𝑆𝐹)  
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Resistance 5 – Conduction through Insulation 

𝑅5 =

ln (
𝑅𝑖𝑛𝑠,𝑜

𝑅𝑖𝑛𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 × 𝐻𝐹𝑉
 

𝐾𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 0.039
𝑊

𝑚2 °𝐶
 

∴ 𝑅5 =
ln (

0.773
0.653

)

2 × 𝜋 × 0.039 × 3.6
≈ 1.9124 × 10−1

°𝐶

𝑊
 (5𝑆𝐹) 

Resistance 6 – Conduction through External Skinplate 

𝑅6 =
ln (

𝑅𝑒𝑠,𝑜

𝑅𝑒𝑠,𝑖
)

2 × 𝜋 × 𝐾𝑠𝑠 × 𝐻𝐹𝑉
  

∴ 𝑅6 =
ln (

0.775
0.773

)

2 × 𝜋 × 17 × 3.6
≈ 6.7198 × 10−6

°𝐶

𝑊
 (5𝑆𝐹) 

Resistance 7 – Convection between ambient air and External Skinplate 

𝑅7 =
1

ℎ𝑎𝑖𝑟,𝑆𝑆 × 𝐴𝐻𝐿𝑇
  

𝑤ℎ𝑒𝑟𝑒 𝐴𝐹𝑉 = 2 × 𝜋 × 𝑅𝑒𝑠,𝑜 × 𝐻𝐹𝑉 

∴ 𝐴𝐹𝑉 = 2 × 𝜋 × 0.775 × 3.6 ≈ 17.530 𝑚2 (5𝑆𝐹) 

∴ 𝑅7 =
1

10 × 17.53
≈ 5.7045 × 10−3

°𝐶

𝑊
 (5𝑆𝐹) 

Total Resistance 

𝑅𝑇ℎ,𝐹𝑉 = ∑𝑅 = 𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 + 𝑅6 + 𝑅7 

∴ 𝑅𝑇ℎ,𝐹𝑉 =  6.8649 × 10−5 + 1.2086 × 10−5 + 6.8120 × 10−5 + 7.9772 × 10−6 + 1.9124 × 10−1

+ 6.7198 × 10−6 + 5.7045 × 10−3 ≈ 1.9711 × 10−1
°𝐶

𝑊
 (5𝑆𝐹) 

𝑈𝑠𝑒 𝑅𝑇ℎ,𝐹𝑉 = 0.2 
°𝐶

𝑊
 

4.5.2.  Fermenter 1 – Primary Fermentation of Lager 
Lager is to be maintained at 14 degrees Celsius whilst undergoing primary 

fermentation as this is the optimal temperature for the yeast to convert the sugars in 

the wort into alcohol. The time for the yeast to consume all the sugars in the wort varies 

from strain to strain and batch to batch, with the fastest commonly accepted time being 

a duration of four days. This consumption of fermentable sugars by the yeast is an 

exothermic reaction, thus the produced heat must be removed to prevent yeast 

autolysis (a process that occurs when beer reacts with dead yeast cells) . The typical 

gravities for a lager style beer (e.g. Munich-style Helles or a Bohemian-style Pilsner) 

are initial gravities of around 12 degrees Plato and a final gravity of 3 degrees Plato. 
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𝑄𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑤𝑜𝑟𝑡Δ𝐸𝑒 

𝑚𝑤𝑜𝑟𝑡 = 𝜌𝑤𝑜𝑟𝑡𝑉𝑤𝑜𝑟𝑡 

∴ 𝑄𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 𝜌𝑤𝑜𝑟𝑡𝑉𝑤𝑜𝑟𝑡Δ𝐸𝑒 

Δ𝐸 =
[𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 (°𝑃) − 𝐹𝑖𝑛𝑎𝑙 𝐺𝑟𝑎𝑣𝑖𝑡𝑦 (°𝑃)]

100
=

[12 − 3]

100
= 0.09 % 

𝜌𝑤𝑜𝑟𝑡 = 1.03
𝑘𝑔

𝐿
 

𝑉𝑤𝑜𝑟𝑡 = 2400 𝐿 

𝑒

= 587
𝑘𝐽

𝑘𝑔
 (𝑅𝑒𝑓𝑒𝑟𝑠 𝑡𝑜 𝑡ℎ𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑦𝑒𝑎𝑠𝑡 𝑝𝑒𝑟 𝑘𝑔 𝑜𝑓 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑏𝑙𝑒 𝑠𝑢𝑔𝑎𝑟, (Scheer, 2014)) 

∴ 𝑄𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 = 1.03 × 2400 × 0.09 × 587 =  130595.76 𝑘𝐽 

�̇�𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 =
𝑄𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

𝑡𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛
=

130595.76

4 × 24 × 3600
= 0.37788 𝑘𝑊 ≈ 378 𝑊 

�̇�ℎ𝑒𝑎𝑡 𝑔𝑎𝑖𝑛 =
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

𝑅𝑡ℎ,𝑓𝑣
=

25 − 14

0.2
= 55 𝑊 

 

�̇�𝑓𝑣1 = 380 + 55 = 435 𝑊 

 

4.5.3. Fermenter 2 – Maturation of Lager 
The maturation phase/ conditioning phase of beer production is most demanding when 

the fermenter contains lager. It is assumed that all yeast activity has ceased by this 

stage as this was accounted for in the primary fermentation calculations. Refrigeration 

is only necessary to counter the thermal gain of the fermenter vessel due to ambient 

conditions. 

�̇�ℎ𝑒𝑎𝑡 𝑔𝑎𝑖𝑛 =
𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛

𝑅𝑡ℎ,𝑓𝑣
=

25 − 14

0.2
= 55 𝑊 

 

�̇�𝑓𝑣2 = 55 𝑊 

 

4.5.4. Fermenter 3 - Cold-Crashing Ale 
Assuming the cold-crash will occur over a 24-hour period, this allows for a gradual 

temperature drop, reducing the likelihood of overshooting the desired temperature and 

freezing the beer. Aside from the benefit of greater temperature control associated 

with a more gradual cold-crash is this reduces the overall cooling load, which in turn 

reduces the electrical demand - preferable in an off-grid setup. The typical 

fermentation temperature for an ale is 18-23 degrees Celsius, therefore, the worst-
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case scenario is assumed and Tfermenter is taken to be 23°C. Desired cold crash 

temperature is taken as 4°C as advised by Aotea Brewing Co. 

𝑄𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ = 𝑚𝑤𝑜𝑟𝑡𝑐𝑤𝑜𝑟𝑡(𝑇𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑒𝑟 − 𝑇𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ) 

∴ 𝑄𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ =  1.03 × 2400 × 4.1 × (23 − 4) = 192568.8 𝑘𝐽 

�̇�𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ =
𝑄𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ

𝑡𝑐𝑜𝑙𝑑 𝑐𝑟𝑎𝑠ℎ
=

192568.8

24 × 3600
≈ 2.23 𝑘𝑊 

 

4.5.5. Total Fermenter Load 
�̇�𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑒𝑟𝑠 =  �̇�𝑓𝑣1 +  �̇�𝑓𝑣2 + �̇�𝑓𝑣3 

�̇�𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑒𝑟𝑠 = 435 + 55 + 2230 ≈  2.7 𝑘𝑊 

 Cold Liquor Tank 
If CLT cooling was required, the CLT would have the same thermal resistance as that 

of the HLT as they have identical construction. The cooling load would depend on the 

rate at which this cooling was required. However, the energy required to cool the CLT 

to approximately 8 degrees as initially planned by Aotea is as follows: 

𝑄𝐶𝐿𝑇 = 𝑚𝐻2𝑂 𝐶𝐿𝑇𝑐𝐻2𝑂Δ𝑇𝐶𝐿𝑇 

𝑚𝐻2𝑂 𝐶𝐿𝑇 = 𝑚𝐻2𝑂 𝐻𝐿𝑇 =  𝜌𝐻2𝑂𝑉𝐻𝐿𝑇 

Δ𝑇𝐶𝐿𝑇 = 15 − 8 = 7 °𝐶 

∴ 𝑄𝐶𝐿𝑇 =  1000 × 2 × 4.22 × 7 = 59080 𝑘𝐽 ≈ 59.1 𝑀𝐽 

Assuming cooling of the CLT (if required) would be performed once a brew has started, 

Aotea would have approximately half a day between setting up and requiring the cold 

liquor. Using a cooling time of 4 hours (half a working day) the required refrigeration 

power would be as follows: 

�̇�𝐶𝐿𝑇 =
𝑄𝐶𝐿𝑇

𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔
=

59.1 × 106

3600 × 4
≈ 4.1 𝑘𝑊 

This figure only addresses the input required to cool water from ground temperature 

to the required CLT water temperature. Heat gain due to differences between the 

ambient temperature and the CLT must be considered.   
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 Total Refrigeration Load (Chiller Load) 
Applied factor of safety of 1.25 to account for any unforeseen losses. 

The calculation does not provision for any chilling of the cold liquor tank (CLT) at this 

stage. Climate data of GBI in conjunction with expected ground water temperature of 

15°C indicate raw water will be sufficient to act as the required cooling medium, 

reducing the total refrigeration requirements to the sum of the keg store and fermenter 

loads. 

 

�̇�𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑓𝑜𝑠 × (�̇�𝑘𝑒𝑔 𝑠𝑡𝑜𝑟𝑒 + �̇�𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑒𝑟𝑠) 

�̇�𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 1.25 × (3.9 +  2.7) 

∴ �̇�𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ≈ 8.25 𝑘𝑊 

As the Coefficient of Performance (COP) is unknown at the time of writing this report 

due to not yet selecting a chiller unit. The COP of the glycol unit was assumed for both 

the glycol chiller and the keg store, estimated at 1.65. 

Thus, the required electrical power to provide the required chilling would be: 

𝑃𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
�̇�𝑟𝑒𝑓𝑟𝑖𝑔𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐶𝑂𝑃𝑐ℎ𝑖𝑙𝑙𝑒𝑟
=

8.25

1.65
= 5 𝑘𝑊 

 

 Other Equipment 

4.8.1. Pumps 
With the exception of the pumping of glycol from the chiller unit into the fermenter 

jackets, there are five processes requiring the use of a pump. 

1. Transfer of Wort from the Mash Tun to the Boil Kettle 

2. Transfer of Green Wort from the Boil Kettle to the Fermenter Vessels (via Heat 

Exchanger) 

3. Transfer of Hot Liquor from HLT to Mash Tun for Strike Water and Sparging 

4. Pumping Cold Liquor through Heat Exchanger en route to HLT 

5. Clean in Place (CIP) system 

A moveable pump can likely be used for both function #3 and #4 above as these 

processes never occur simultaneously. A typical brewery pump such as the Ebara 

CDX(M) 70/05, is single impeller centrifugal pump, capable of flowing up to 90L/minute 

at a head of 21m. Ideally such pumps would have variable speed drives to aid in the 

control of flow rates. The worst-case scenario would be two pumps running 
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simultaneously. The maximum draw during normal operation would therefore be 

approximately 1.5 kW (Whisper Pumps, 2017). 

𝑃𝑝𝑢𝑚𝑝𝑠 = 1.5 𝑘𝑊 

4.8.2. Brewhouse Lighting 
The lighting requirement for the brewhouse is equal to that of the keg storage, thus 

requiring two LED T8 tubes (total power consumption of 36 W), however as the 

brewhouse will likely be an open-sider container, interior lighting may seldom be 

required. 

𝑃𝑏𝑟𝑒𝑤ℎ𝑜𝑢𝑠𝑒 𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 = 36 𝑊 

4.8.3. Califont Auto Frost Protection 
Although it is unlikely the califont would freeze given the climate of GBI, Rinnai state 

a 218W electrical power draw for auto frost protection. This figure is considered in the 

total power usage of the brewery, although it is unlikely to turn on. 

𝑃𝑐𝑎𝑙𝑖𝑓𝑜𝑛𝑡 = 218 𝑊 

4.8.4. Office 
The requirements for office equipment are unknown at this stage. Assumptions were 

made as to what Aotea may likely include: 

- Tablet Computer (e.g. Microsoft Surface); 65W charger 

- Laptop Computer (e.g. Macbook Pro); 87 W charger 

- Additional Monitors (up to 4); 20W power supplies each 

- Mobile Modem/Router; 12W Power Supply 

- Mobile EFTPOS Terminal; 24W charger 

- Lighting; minimum 320 Lux required thus 54W worth of LED T8 tubes. 

Large power draw appliances such as a kettle or microwave typically seen in offices 

was not considered at this stage. 

𝑃𝑂𝑓𝑓𝑖𝑐𝑒 =  ∑ 𝑂𝑓𝑓𝑖𝑐𝑒 𝐿𝑜𝑎𝑑𝑠 = 65 + 87 + 4 × 20 + 12 + 24 + 54 = 322 𝑊 

Total office load was rounded to 0.5 kW to allow some Factor of safety.  

∴ 𝑃𝑂𝑓𝑓𝑖𝑐𝑒 = 0.5 𝑘𝑊 
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 Summary of Total Power Requirements 
The required electrical power of the brewery is broken down in Table 2 below. Included 

in the table is the expected duration of each power draw. The starting power is not 

considered at this stage, further consultation with an electrician will be required to work 

out the starting current (and thus power) for all pumps and compressors. The total 

daily consumption and Max draw figures were rounded up representing a modest 

factor of safety to account for any oversight. 

Table 2: Summary of Brewery Power Demand 
 

Load of Office 
    

Office Equipment 0.5 kW 8 hrs 4 kWh 

Max Draw 0.50 kW Total Consumption 4.00 kWh 
       

 
Load of Brewhouse Duration 

   

Lighting 0.036 kW 8 hrs 0.288 kWh 

Califont 0.22 kW 24 hrs 5.28 kWh 

Pumps 1.5 kW 3 hrs 4.5 kWh 

Max Draw 1.76 kW Total Consumption 10.07 kWh 
       

 
Keg Store Load 

    

Transmission Load 0.74 kW (Cooling) 24 hrs 17.76 kWh (Cooling) 

Product Load 2.41 kW (Cooling) 6 hrs 14.46 kWh (Cooling) 

Internal Load 0.451 kW (Cooling) 6 hrs 2.706 kWh (Cooling) 

Infiltration Load 0.13 kW (Cooling) 6 hrs 0.78 kWh (Cooling) 

Max Cooling Load 3.731 kW (Cooling) Total Consumption 35.706 kWh (Cooling) 

COP  1.65 
     

Max Draw 2.26 kW Total Consumption 21.64 kWh 
       

 
Fermenter Load 

    

FV1 (Maintain at Lager 
Temp) 

0.055 kW (Cooling) 24 hrs 1.32 kWh (Cooling) 

FV2 (Fermenting Lager) 0.435 kW (Cooling) 24 hrs 10.44 kWh (Cooling) 

FV3 (Cold Crash Ale) 2.335 kW (Cooling) 24 hrs 56.04 kWh (Cooling) 

Max Cooling Load 2.825 kW (Cooling) Total Consumption 67.8 kWh (Cooling) 

COP Glycol Chiller 1.65 
     

Max Draw 1.71 kW Total Consumption 41.09 kWh 
       

       

Total for Brewery 6.23 kW Daily Consumption 76.80 kWh 

Allow for Max Draw 8 kW 
  

100 kWh 

Base load  2.4 kW 
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5. Results 

 Key areas of Interest 

5.1.1. Preheating 

The water in the HLT is required to be approximately 75°C for the desired enzymatic 

activity within the mashing process. Initial preheating of raw water from ground 

temperature to 75°C within the HLT requires 506.4 MJ of energy input. Subsequent 

energy input would be necessary to maintain the required 75 degrees if there was 

significant time between preheating and mashing. Losses associated with the time 

taken to consume the volume of the HLT were included in the calculations used for 

determining cost of preheating the HLT. Methods considered for HLT preheating 

were solar thermal (in the form of evacuated tube collectors) and the usage of a gas 

califont. 

 

 

Preheating 2000L of raw water for the HLT was assumed to occur at most three 

times per fortnight, filling the available fermenter vessels. Three fermenters being 

filled fortnightly is the brewery running at full capacity (1872 hL annually). It was 

assumed that the califont would run on liquified petroleum gas (LPG) due to the ease 

of sourcing this on GBI. Energy content of NZ LPG was assumed to be 2205 MJ per 

45 kg cylinder; equating to 25 MJ/L of LPG (Elgas, 2018). Pricing for LPG was based 

on Metrogas’ pricing and includes bottle rental (Metro Gas Ltd, 2018), however, due 

to the variability in LPG pricing, costs are indicative only. Shipping costs were 

excluded at this stage of the study. Table 3 compares models from the Rinnai Infinity 

range of califonts, although the EF250 units are the most expensive within the range, 

the reduction in LPG consumption due to their higher efficiency results in a payback 

period of less than 5 years. The annual savings of $234.18 accounts for 95.8 Kg of 

LPG annually, reducing the potential CO2 emissions of Aotea Brewing Co by 0.3 

tonnes annually. Production volumes of less than 1872 hL per annum, would extend 

the payback period, reducing the feasibility of utilising the more efficient Rinnai 

Infinity EF250 model over any of the Infinity HD range. The difference in CAPEX 

associated with the cheapest and most expensive Rinnai units is fairly small (circa 
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$1100), therefore I would recommend starting out with the Rinnai Infinity EF250 

external unit when establishing Aotea Brewing Co on the barrier. 

Table 3: Califont comparison for HLT preheating 

Model Purchase 
Price 
(NZD) 

Time to 
Heat 
HLT 
(hrs) 

Running 
Costs 

(NZD/Year) 

Potential 
Savings 

(NZD/Year) 

Payback 
Period 
(Years) 

Rinnai Infinity HD200 External $2,131.00 3.0 $2,395.15 - - 

Rinnai Infinity HDi200 Internal $2,427.00 3.1 $2,449.76 -$54.61 - 

Rinnai Infinity HD250 External $2,631.00 2.3 $2,355.84 $39.31 12.72 

Rinnai Infinity EF250 External $3,212.00 2.5 $2,160.97 $234.18 4.62 

Rinnai Infinity EFi250 Internal $3,212.00 2.5 $2,161.71 $233.44 4.63 

 

Alternatively, evacuated tube solar collectors (ETSC) could be used to provide the 

heat input for the HLT. To avoid purchase of surplus ETSC’s, the preheating time 

should be extended to coincide with the yearly average of 5.9 sunshine hours per 

day. Due to this extended preheating time, brewing could not be undertaken on the 

same day as initial preheating. However, if the brewery was to conduct brews only 

on weekdays (Monday to Friday), weekend radiation would be sufficient to preheat 

the HLT, ensuring strike water was available at the desired temperature come 

Monday morning. The 6-hour preheating time necessitates a system capable of 

outputting 25.1 kW of thermal energy per sunshine hour. Average shortwave 

radiation of 594 W/m2, equates to 3.5 kWh/m2 across the available sunshine hours 

per day.  

The overall system efficiency for ETSC is reported at an average of 52% (Ayompe & 

Duffy, 2013), more than three times the conversion efficiency of solar photovoltaic 

panels (PV) for the same area/ land usage. 

Aotea intend to use three 20ft high cube containers to form the structures of their 

brewery, providing 13.8 square metres of plan area on the roof of each container. 

However, the quantity of ETSC’s that can be arranged on the roof is limited by the 

length of the container. To successfully preheat the HLT, two 30-tube collector 

arrays would be required on the roof of each container – 180 tubes in total, at a cost 

of $15,000 NZD (Ice Solar, 2018). Assuming the brewery was initially set up with the 

Rinnai Infinity EF250, the breakeven point for switching to an ETSC setup would be 

5.45 years (assumes HLT is preheated 78 times across the year/ half the annual 

production is preheated in this manner). Switching to ETSC’s would reduce the 

annual running costs for preheating in the brewery significantly. The retention of the 
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existing califont for times of low radiation or reduced sunlight hours would be 

required to prevent any disruption to the brewing process. Because of this, even 

after the payback period has been surpassed, there will still be costs associated with 

the preheating of the HLT. Implementation of either of the aforementioned strategies 

yields an Annual reduction in LPG usage thus reducing carbon dioxide emissions by 

up to 2.68 tonnes per year (Ecoscore, 2018). 

5.1.2. Power Supply 

Diesel Generator 

The national average electricity price for the 2017-2018 Financial year was 29.03 

c/kWh (Ministry of Business, Innovation and Employment, 2018 ). The off-grid status 

of GBI means Aotea Brewing Co will not have the luxury of grid provided power at this 

price. Utilisation of a 10 kVA generator such as the Kubota unit listed in Figure 17 

below would cost $10,870 NZD as a capital expenditure (CAPEX), with annual fuel 

costs just shy of $20,000 NZD with the brewery running at full capacity. Excluding the 

costs of generator maintenance and the cost of shipping the Diesel to GBI, the 

associated power generation cost would be 57.92 c/kWh, almost double that of the 

2017-2018 average electricity price. Approximately 2.69 kilograms of Carbon Dioxide 

is released to the atmosphere per litre of diesel burnt (U.S. Energy Information 

Administration, 2017), if Aotea were to use diesel generation for operating the brewery 

at full capacity, 30.65t of CO2 would be released into the atmosphere annually. 
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Figure 17: Kubota PK10 10kVA Diesel Generator Data 

 

The advantages of producing energy in this manner is it has the lowest purchase cost 

out of all generation methods considered, as well as being one of the simplest to install 

and operate. Continuous usage of a diesel generator would require frequent servicing 

– resulting in a self-imposed outage during the service time, thus no power supply 

would be available for the brewery during this time. Kubota recommend the following 

items (Figure 18) be serviced every 1000 hours; With continuous operation this would 

be required every 41 days. Frequent maintenance costs as well as annual fuel costs 

lead to a high operating expense (OPEX costs) for diesel generation. Furthermore, the 

cost of diesel is expected to rise over time due to increases in the tax component of 

the fuel price, increasing OPEX costs. 
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Figure 18: Kubota Diesel Generator 1000 hrs service items 

 

Wind 

Matlab analysis of Meteoblue provided data (shown above in §3.2), indicates year-

round wind equal to, or greater than 20 km/h (5.56 ms-1). Technical Data sheets for 

wind turbines were first evaluated with respect to cut-in speed, and secondly by total 

structure height. The 2 kW turbine manufactured by Greef Energy, China was selected 

as the recommended turbine due to conforming to the height restriction of 8 m 

(Auckland City Council, 2013), having a relatively low cut-in speed of 3 ms-1, whilst 

costing a modest $3000 USD per unit (approximately $5000 NZD after currency 

conversion, shipping, import duties and tax). Although tower heights in excess of 8m 

may be granted with resource consent, this was not considered as part of this study 

due to the suitability of the 2 kW unit.  

Utilising hourly wind data from the past 5 years, the distribution of daily wind speed 

was calculated in terms of frequency of occurrence (Table 4). 14.4% of the day the 

wind speed is below the 3 ms-1 threshold of power generation, the remaining 85.6% 

of the day was split into 5 bands of wind speeds. Using the power curve provided from 

Greef Energy, expected power production was calculated for each band, then 

multiplied by the fraction of the day within the given band, as a result a single 2kW unit 

would be expected to output 28 kWh across a day. Four such turbines would be 

sufficient to produce the maximum daily demand of Aotea brewing Co, with a system 

cost of around $25,000 when considering taxes and import duties.  
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Figure 19: Greef Energy | GJ-2KW Power Curve 

 

Table 4: Frequency distribution of wind speeds on Great Barrier Island 

Wind 
Speed 
(ms-1) 

Frequency of 
Occurrence (%) 

Power (W) Energy Generated (kWh) 

< 3 14.4 0 0 

3 to 5 21.9 400 2.11 

5 to 6 12.2 800 2.35 

6 to 7 12.9 1250 3.88 

7 to 8 11.8 1750 4.94 

> 8 26.8 2300 14.77  
 Total 28.05 

 

Solar 

Solar provides a unique opportunity to the brewer as it can be used to generate 

electricity via photovoltaic (PV) cells or to generate thermal energy with ETSC’s (as 

discussed in §5.1.1). Solar is only able to generate power during sunlight hours, if 

utilising a PV system, the 100 kWh required daily by the brewery must be generated 

across the 5.9 sunlight hours available on average per day. A PV array with installed 

capacity of 20 kW was selected. The output from a typical 270W residential panel 

exposed to 600W/m2 produces 155W per panel (Figure 20). A total of 130 panels 

would be required to service the brewery, requiring close to 200 m2 of land. Purchase 
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of these panels would cost $50 000 NZD excluding installation and mounting frames 

(Current Generation, 2018).  

 

Figure 20: Electrical performance of 270W Mitsubishi photovoltaic panel 

 

Storage 

As energy consumption is not constant or in sync with energy production, a battery 

storage system is necessary to smooth out these differences between supply and 

demand. To allow for a day’s worth of storage, a battery bank capable of storing 100 

kWh would be required. Although battery technologies have improved in recent years, 

provisioning for greater installed capacities as well as reduced prices, batteries are 

still the largest expense the storage of renewable energy. Lithium-Ion batteries such 

as Tesla’s Powerwall II (Figure 21) are smaller and lighter than their more traditional 

lead acid and absorbed glass mat (AGM - Figure 22) battery counterparts. 

The Powerwall II is a fully-integrated battery system complete with in-built inverter, 

capable of storing 13.5 kWh of energy. The Powerwall II unit supports connection of 

up to 10 units as part of a string, two greater than what is required for Aotea’s daily 

storage requires. The cost of ordering eight Powerwall II units from Tesla comes in at 

$86,800 NZD excluding installation fees (Tesla, 2018). 
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Figure 21: Tesla Powerwall II. Images retrieved from: https://www.tesla.com/en_NZ/powerwall 

  

 

Figure 22: 2V absorbed glass mat battery. Image retrieved from: 
http://lifelinebatteries.com/products/marine-batteries/gpl-l16t-2v/ 

 

Although the Tesla Powerwall has a sleek modular design, more traditional off-grid 

storage technologies such as absorbed glass mat (AGM) batteries should be 

considered. AGM batteries offer the advantage of being cheaper than Lithium-Ion 

batteries, however, units such as the Lifeline GPL-L16T-2V (a recommended cell for 

off-grid storage) offer considerably lower energy storage per unit as well as lower 



 

J o h n a t h a n  T a i t  1 1 1 6 1 6 3  | 51  

storage capacity per m2
. A total of 48 cells would be required to store similar capacity 

to the 8 cell Powerwall configuration, costing Aotea a total of $63,000 NZD; a $23,800 

saving compared with the equivalent Powerwall based system. The payback periods 

for the given combinations of generation and storage technologies is listed in Table 5, 

the most cost-effective solution being wind turbines for power generation with AGM 

batteries for storage.  

Table 5: Payback period for renewable energy packages 
 

Total Cost Payback Period (Years) 

Wind + AGM $ 88,000.00 4.49 

Wind + Powerwall $ 111,800.00 5.71 

Solar + AGM $ 112,634.00 5.75 

Solar + Powerwall $ 136,434.00 6.97 

 

Lead Carbon (Pb-C) batteries are another suitable option for Aotea Brewing Co. Pb-

C batteries come in various Ah capacity 2V cells. Calculations for several capacities 

were investigated, finally deciding on 1500Ah Cells. Equating to a total number of cells 

required of 36.  

Implementing Solar PV and/or Wind generation accounts for a 30.6t reduction in CO2 

production each year. Further reductions of close to 2.7t worth of CO2 can be achieved 

by utilising solar thermal at the HLT in place of the LPG califont currently used. 

 

5.1.3. Brewing methods 
Production mix will have an influence on the amount of energy required for the brewing 

process. Increasing lager production will result in larger cooling loads when the 

fermenters are being maintained at 10-12 degrees for primary fermentation, however, 

this also influences the energy required for cold crashing. Lagers are less energy 

intensive to cold crash than an ale as the finished beer only has to be reduced in 

temperature by approximately 10 degrees Celsius whereas ales are cold crashed from 

18-23 degrees, down to 4 degrees. A workaround for the increased cooling load when 

cold crashing ales could be to cold crash them over a longer period, although the 

amount of energy to be removed remains the same, the power required to achieve 

that rate of cooling can be markedly reduced. The downside of cold crashing more 

gradually is the time taken for the entire brew from the initial striking of the grain, 

through to the consumption/ sale of the finished product will be extended.  
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High gravity brewing is another method by which the brewer can reduce his/her energy 

usage. Due to the high specific heat capacity of wort (due to its large water content), 

raising the temperature of this during boiling requires a large energy input. High gravity 

brewing involves utilising less fluid volume during the process up until heat exchange 

between the boil kettle and the fermenter vessel. Once at this step additional water is 

added to the boil kettle, increasing the wort volume to the desired quantity, whilst 

simultaneously reducing the gravity. Care must be taken when employing this style of 

brewing as if you take it to far, the addition of cold water following the boil will drop the 

temperature too far and the wort will be in a suitable temperature range for bacterial 

infection, spoiling the brew. 

5.1.4. Brewery Waste 
Arising from the literature review conducted in §2.3, there are numerous places 

where waste can be re-used within the brewing cycle. Long term, Aotea should look 

further into the recovery of CO2 from their fermenters, as well as potential for 

utilisation of spent grain.  

In the foreseeable future, documenting the waste produced would be a great start in 

producing minimal waste. Once the brewery is better established and processes are 

well defined and repeatable, measurements can be taken not only to assess the 

constituents of potential biogas generation sources, but also assessing flue gas 

temperatures and any additional waste heat produced during the wort boiling 

process. 

 

 Feasibility 
With respect to the short term and whilst annual production is under 624hL per annum, 

Aotea Brewing Co will be able to establish themselves on the island whilst employing 

a diesel generator and LPG califont (preferably a similar unit to the Rinnai EF250), as 

these are cost effective and offer easy variation of load control, they are ideal for 

setting up the brewery. 

Once Aotea begin producing over 624hL per annum and become closer to their current 

capacity of 1872hL per annum, implementation of solar-thermal and wind generation 

become feasible, with payback periods of around 6 years. If current trends of rising 

diesel costs in conjunction with the reduction in prices with batteries, the production 

quantity required for these measures to be feasible is likely to decrease with time.  
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6. Conclusion 
This report covered the feasibility of establishing a sustainable brewery on Great 

Barrier Island. Evaluation of best practises around efficient brewery processes as 

determined by available literature was undertaken. In keeping with the Island’s ethos 

of waste minimisation, investigation into usages of the waste products produced during 

the brewing process was undertaken. Renewable energy implementation was 

considered alongside energy efficiency improvements due to the unique situation of 

GBI being an off-grid island, thus requires on-site generation for power. Production 

volume of Aotea Brewing Co will ultimately determine the feasibility of recommended 

technologies. Diesel generation is the most feasible option when annual production 

volumes are ≤ 624hL. Annual production of 1872 hL leads to a payback period for 

solar preheating of the HLT via ETSC’s in 5.5 years, leading to an annual reduction of 

2.68t CO2 emissions. At 1872 hL annual production, the frequency of maintenance on 

a diesel generator running 24/7 and the ongoing cost of fuel is uneconomic when 

compared to solar or wind alternatives, switching from diesel to either technology has 

the potential to save 30.65t in annual CO2 emissions. The largest cost in the 

implementation of renewable energy is the cost of energy storage (batteries), AGM 

technology being 25% cheaper than Li-ion (Tesla Powerwall II). 

 Future Work 
Following on from this study, an energy management system should be established 

for Aotea Brewing Co, this is the first step in achieving energyMark certification, 

indicating compliance with ISO 50001. Regular recordings of electricity consumption 

as well as LPG usage should be taken to improve this process, identifying areas most 

in need of addressing so that overall brewery efficiency can be improved. 

Site analysis of wind and solar potential should be conducted to validate the 

information provided by Meteoblue. This data can then be used to optimise the 

distribution and location of generation measures within the site. 

Lab Assessment of Brewery Waste for Biogas Production as Caleb and Sarah have 

expressed an interest in having a smokery on site for providing food to patrons. 

Mechanical pre-treatment of brewers spent grain would produce a press-cake suitable 

for incineration. 

Due to the constant advances of battery technology, further research should be given 

to salt-water battery technology such as those produced by Aquion energy. This 

technology is the first (and only) battery to be given Cradle-to-cradle certification.  
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